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ABSTRACT

In recent decades, engineering and medical technology advancements have provided the 

means to design and develop innovative medical solutions to address various health 

issues. However, despite the tremendous progress in biomedical engineering, a 

reasonable proportion of patients that were subjected to joint reconstruction surgery are 

still not completely satisfied. Moreover, orthopaedic products such as knee and hip 

prostheses together rank as the fifth most recalled medical product. One of the main 

reasons for patient dissatisfaction and high rates of defective medical products, is due to 

the common practice in the medical device industry to designing complex, innovative 

products at the expense of long-term reliability and easily controlled manufacturing 

processes. Moreover, titanium bone implants manufactured by traditional methods fail to 

provide precise reconstructions of the injury location and are manufactured from bulk 

materials that do not match the mechanical properties of bone or the patient’s unique joint 

kinematics. However, the recent advent of additive manufacturing (AM) technologies, 

has provided a new path for the design and manufacture of patient-specific medical 

devices. Unlike subtractive manufacturing technologies, AM can fabricate complex 

shapes from the macro to the micro scale, thereby allowing the design of patient-specific 

implants following a biomimetic approach for the reconstruction of complex bone 

configurations. This design freedom opens the way for the use of AM in difficult clinical 

scenarios such as the reconstruction of bones with complex anatomical shapes in bone 

diseases, deformities and trauma.  

Moreover, to further augment its bioactivity, Ti surface modifications have been 

performed in the macro, micro and nano-scales. Briefly these include 

hydroxyapatite/polymer coating, protein immobilization and various topography 

modifications achieved by anodization or acid-etching. Nonetheless, numerous in-vitro 

and in-vivo investigations have established that nanoscale topography outperforms macro 

and micro-scale surface features towards augmenting cellular functions. Additionally, 

studies have also revealed immune-modulatory and antibacterial effects from various 

nano-scale surface modifications. Among the various nano-topographic modifications of 

Ti, electrochemically anodized (EA) TiO2 nanotubes (TNTs) stand out due to their 

enhanced bioactivity, and ability to achieve local drug elution. EA is a cost effective 
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strategy to fabricate highly ordered TiO2 nanostructures with a great degree of control 

over their dimensions. 

In 2015, the global orthopaedic industry market was valued at USD 4.3 billion and is 

expected to reach USD 8.97 billion by 2025, with the Asia-Pacific region exhibiting the 

highest compound annual growth rate of 6.4%. This market growth provides the 

opportunity for introducing the next generation of orthopaedic implants that can 

overcome the current quality issues and patient dissatisfaction with traditional products. 

The advent of AM technologies and the prospects for mass customisation provides 

significant market opportunities, but also presents a serious challenge to regulatory bodies 

tasked with managing and assuring product quality and safety. Nevertheless, the 

complexity of patient-specific implants combined with the current limited expertise in 

reliability engineering and manufacturability in the AM sector is posing a number of 

quality performance challenges. Factors such as high design variability and changeable 

customer needs are re-shaping current medical standards and quality control strategies in 

this sector. Such factors necessitate the urgent formulation of comprehensive AM quality 

control procedures. Worldwide medical device regulatory bodies are facing increasing 

pressure to formulate adequate standards to ensure long-term patient safety and product 

performance. Therefore, successful industry transformation to this new design and 

manufacturing approach requires technology integration, concurrent multi-disciplinary 

collaboration, and a robust quality management framework. 

The overarching goal of this study was to develop an adaptation of the Quality by Design 

(QbD) system for nano-coated patient-specific bone implants and scaffolds produced by 

AM. Such a system would facilitate the development of the next generation of bone 

implants by integrating various innovative technologies, avoiding trial-and-error studies, 

accelerating research timelines, and reducing product development risks and cost in the 

early stages of the product development cycle. For this purpose, this study explored the 

different factors, technologies, and strategies that need to be considered in the design and 

fabrication of these products. To achieve the goal of this study, the developed QbD system 

was systematically tailored and refined through a sequential multi-stage mixed method 

research design consisting of five phases. The different phases of this study employed 

and integrated various data collection methods and risk management tools, including 

systematic literature reviews, an online-questionnaire survey, and face-to-face interviews 

with researchers, industry experts, and medical practitioners from different related fields. 
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Moreover, exploratory case studies were undertaken with three medical device companies 

located in the USA, Germany, and Lithuania. Study phases 2-5 culminated into journal 

manuscripts. 

The first study phase involved an extensive literature review and gap analysis. The second 

phase of this exploratory study aimed to establish and validate the first steps (1–5.3) of a 

general adaptation of the QbD system. The main outcomes of this phase were the 

establishment of the quality target product profile from three quality perspectives, and the 

identification of 39 critical quality attributes (CQA) including their classification groups. 

Moreover, a comprehensive design and fabrication process flow diagram was developed 

in conjunction with the identification and categorisation of 86 risks and 178 potential 

effects on product quality associated with the design and fabrication processes of such 

products. The overall contribution of this research phase was the development of tailored 

steps of the QbD system, which founded the formulation of the following QbD steps.  

The third phase of this study focused on the Steps 5.4–5.7 of the QbD system, which 

consisted of the investigation and identification of the most critical risks and sensitive 

process areas in terms of product quality for the initial stages of the development process. 

The main outcomes include the development of a failure mode, effects, and critical 

analysis (FMECA) coupled with a 3D risk assessment approach. Research outcomes 

included the identification of 13 critical risks and a FMECA form containing 137 failure 

modes with AM materials, AM machine general, Fabrication, EBM machine, Finishing, 

and Design being as the most influential process areas in term of product quality. The 

novel 3D risk assessment approach provided a more accurate graphic representation of 

the three different factors used for risks rating, thus facilitating the presentation of risk 

assessment analysis to different stakeholders. 

The fourth phase of this research finalised the general adaptation of the QbD system for 

patient-specific bone implants and scaffolds produced by AM. This phase focused on 

adapting Steps 7 and 8 of the QbD system. The main outcome of this phase was the 

development of an integrated quality control procedure composed of 18 quality control 

gates. The procedure sought to help prepare the AM industry for the inevitable future 

tightening in related medical regulations. Moreover, this study revealed some critical 

success factors for companies developing additively manufactured patient-specific 

implants, including ongoing R&D investment, investment in advanced technologies for 

controlling quality, and fostering a quality improvement organizational culture. 
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Finally, the last phase of this study was conducted to develop the first two steps of the 

QbD system for nano engineered surfaces with titania nano tubes (TNT) for 

orthopaedic/dental applications. This phase produced a semi-qualitative estimate of the 

level of importance of the CQAs of TNTs-Ti implants, including the most optimal 

configuration of CQAs to satisfy the participants’ expert opinion. Moreover, the analysis 

procedure qualitatively determined the level of contribution of each TNT characteristic 

to the overall implant performance from three different perspectives; biological, 

physicochemical, and mechanical. This study phase demonstrated that the QbD system 

can better direct the design process for nano-engineered implant surfaces with TNTs by 

significantly reducing the need for costly and time-consuming trial-and-error studies. 

In summary, this PhD thesis has made significant theoretical, methodological and 

practical contributions, in the fields of quality management and AM product development 

within the biomedical context. 
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CHAPTER 1 

INTRODUCTION 

1.1 Research Background 

A wide variety of bone diseases and traumas require the replacement of joints or the 

reconstruction of segmental skeletal defects [1, 2]. Almost 90% of individuals over the 

age of 40 are affected by degenerative bone diseases [3]. By 2030, knee arthroplasties are 

expected to increase by 673% [3], and it is estimated that 2.2 million grafting procedures 

are currently performed globally each year for the reconstruction of segmental skeletal 

defects [4]. However, despite the tremendous progress in biomedical engineering, 20% 

of patients subjected to joint reconstruction surgery are not completely satisfied [5]. This 

is reflected in the rate of defective orthopaedic titanium (Ti) products such as knee and 

hip prostheses, which together rank as the fifth most recalled medical product, 48% of 

which are caused by manufacturing issues and 34% by design flaws [1, 6]. A similar 

situation can be seen in the case of bone defect treatments such as allografts, 

transplantation and autografts, which have low success rates of 70% and 40%, 

respectively [7-9]. Further, up to 15% of joint replacements develop periprosthetic joint 

infections that require extensive antibiotic therapies and typically cost five times more 

than non-infected prostheses [10]. 

One reason for these high rates of bone prosthetic and scaffold issues is the common 

practice in the medical device industry of designing complex, innovative products at the 

expense of long-term reliability and easily controlled manufacturing processes [6]. 

Moreover, Ti bone prostheses and scaffolds fail to provide precise reconstructions of the 

injury site and are manufactured from bulk materials that do not match the mechanical 

properties of bone or the patient’s unique joint kinematics. However, the recent advent of 

additive manufacturing (AM) technologies, also known as 3D printing, has provided a 

new path for the design and manufacture of patient-specific medical devices [2, 11-13]. 

AM is capable of fabricating complex shapes with hierarchical structures at the 

microscale level, which is not possible with traditional manufacturing methods. In terms 

of implant design, this means that products can be designed using a biomimetic approach 
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according to patient anatomy and bone tissue mechanical properties [14]. This design 

freedom opens the way for the use of AM in difficult clinical scenarios such as the 

reconstruction of bones with complex anatomical shapes in bone diseases, deformities 

and trauma. To date, these procedures have been extremely difficult to perform, even for 

the most skilled surgeon [15].  

However, despite the excellent biocompatibility and mechanical properties of Ti and Ti 

alloys, they usually require long healing periods to create a stable interface with the 

surrounding bone [16], with insufficient implant osseointegration a potential outcome 

[17]. Hence, to further augment its bioactivity, Ti surface modifications have been 

performed in the macro, micro and nano-scales [18-20]. Briefly these include 

hydroxyapatite/polymer coating, protein immobilization and various topography 

modifications achieved by anodization or acid-etching [21]. Numerous in-vitro and in-

vivo investigations have established that nanoscale topography outperforms macro and 

micro-scale surface features towards augmenting cellular functions [22]. Additionally, 

studies have also revealed immune-modulatory and antibacterial effects from various 

nano-scale surface modifications [23]. 

To achieve accurate and safe bone solutions, AM must be integrated with other 

technologies such as digital medical imaging, materials science, computer-aided design 

(CAD), finite element analysis (FEA), motion capture and virtual surgical planning, along 

with the collaboration of experts from various fields [24]. This includes nano-engineered 

implant coatings such as titania nanotubes (TNTs), which among the various nano-

topographic modifications of Ti, electrochemically anodized (EA) TiO2 nanotubes 

(TNTs) stands out due to their enhanced bioactivity, customisable antibacterial, 

immune/inflammatory and osseointegrating functions, and ability to facilitate local drug 

elution. This bespoke approach can provide a better quality of life for patients by 

decreasing the risk of infection, reducing recovery time, improving cosmetic appearance 

and improving the performance of joint dynamics as well as reducing hospital expenses 

[25, 26]. 

Nevertheless, AM must overcome several barriers before nano-engineered patient-

specific bone implants and scaffolds can be released to the market. First, factors such 

variations in design and customer needs increase product complexity across all domains, 

necessitating shorter and more effective product development cycles [27-29]. Second, 

current standardisation methods used in traditional manufacturing are not suitable for AM 
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technology [30]. Third, the rapid development of adequate manufacturing standards by 

medical regulatory bodies to ensure long-term patient safety and product performance is 

challenging [6, 31, 32]. Fourth, for TNTs based Ti surface modifications to reach the 

medical market, a number of issues must be addressed [33] necessary for subsequent 

clinical translation and commercialization [34]. Moreover, tissue engineering ventures 

are susceptible to insolvency from ‘valley of death’ funding gaps because of the costly 

preclinical and clinical studies required for safety assessments prior to clinical approvals 

[35]. Consequently, despite high investments, only a relatively small percentage of new 

tissue engineering research reaches the stage of clinical application and market release 

[35], preventing manufacturers and practitioners from adopting these technologies [36]. 

In contrast to existing quality management and product development systems, the quality 

by design (QbD) system is distinguished by its ability to avoid the ‘valley of death’ by 

accelerating product development timelines and reducing development costs [37]. This is 

achieved through the use of science and engineering management tools to facilitate a deep 

understanding of products and processes to avoid trial-and-error studies [38]. The QbD 

system, created by Joseph Juran in 1985, was adopted by the United States (US) Food 

and Drug Administration (FDA) in 2004 [37, 39] to encourage the development of 

innovative pharmaceutical products under regulatory requirements and quality assurance 

strategies [34, 37]. This has resulted in a flexible regulatory framework designed to 

optimise the product development process to enhance quality [39]. The implementation 

of QbD has helped reduce the regulatory burden that has driven many product engineers 

to purposely design their products to fit within existing approved thresholds, thus 

avoiding the need to seek further time-consuming approvals for minor variations [40]. 

However, no studies have addressed the implementation of the QbD system for the 

development of AM of patient-specific implants and scaffolds with nano-engineered 

coating [41]. 

1.2 Research Purpose 

The background outlined above suggests that an ageing population, which is increasing 

the rate of bone-related health complaints, and higher client expectations of bone surgical 

procedures are driving the implementation of innovative technologies for bone prostheses 

and scaffolds. For biomedical companies to remain competitive, it is imperative that they 

focus on continual product development and the individual needs of their customers. 
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Moreover, there is a critical need for engineering management research that explores 

medical AM and related technologies to facilitate the development of standards and best 

quality control practices. This will assist in the development of innovative medical 

products and AM technologies that may achieve regulatory approval, gain the acceptance 

of surgeons and guarantee insurance coverage. 

In 2015, the global orthopaedic industry market was valued at USD 4.3 billion and is 

expected to reach USD 8.97 billion by 2025, with the Asia-Pacific region exhibiting the 

highest compound annual growth rate of 6.4% [42]. This market growth provides the 

opportunity for introducing customised bone implants that can overcome current quality 

issues and patient dissatisfaction with traditional products. Australia is one of the largest 

markets of medical devices in the Asia-Pacific region [43]. As a member of the 

International Medical Device Regulators Forum (IMDRF), Australia is also leading 

regulatory changes for personalised and 3D printed medical devices [44]. According to 

Gausemeier, Echterhoff [45], quality control of AM processes will be one of the most 

crucial technological requirements in 2020. Nevertheless, current regulatory changes do 

not cover the technical considerations in designing, manufacturing and testing of such 

medical devices [46]. This, along with high development costs, lack of standardisation 

and the risks associated with AM of patient-specific implants with nano-engineered 

surfaces, is hampering the growth of this market. Hence, the overarching goal of this 

research is to develop a robust new engineering product development system with a strong 

quality management framework capable of integrating various innovative technologies 

that considers all aspects of the product development cycle to help the integration of novel 

AM of patient-specific implants and scaffolds coated with TNTs into current industries. 

To achieve this goal, this research aimed to develop an adaptation of the QbD system that 

prevents the need for trial-and-error studies, accelerates research timelines and reduces 

product development risks and costs in the early stages of the product development cycle. 

1.3 Research Questions and Objectives 

With consideration of the research goal, nine main research questions (RQs) were 

formulated to address the problem: 

 

RQ1: What are the ideal characteristics of patient-specific bone implants/scaffolds 

produced with AM? 
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RQ2: What are the critical attributes of patient-specific bone implants/scaffolds produced 

by AM? 

RQ3: What are the key activities and processes in the design and fabrication of patient-

specific bone implants/scaffolds produced by AM? 

RQ4: What risks are associated with the design and fabrication of patient-specific bone 

implants/scaffolds produced by AM? 

RQ5: What are the most critical risks associated with the design and fabrication of patient-

specific bone implants/scaffolds produced by AM and the corresponding preventive and 

corrective actions to mitigate these risks? 

RQ6: What procedures, technologies and strategies can be used to improve current quality 

issues during the design and fabrication of patient-specific bone implants/scaffolds 

produced by AM? 

RQ7: What are the ideal nano characteristics of titanium (Ti) surfaces for 

orthopaedic/dental applications should have? 

RQ8: What are the critical characteristics of TNT surfaces for orthopaedic/dental 

applications? 

RQ9: What is the level of contribution of each TNT characteristic to the overall implant 

performance? 

To achieve the above listed research questions, this study sought to achieve the following 

objectives: 

O1. Conduct an exploratory study analyse the problem to be solved. 

O1.1. Understand bone biology concepts, current AM technologies, and materials for 

patient-specific implants. 

O1.2. Identify the main quality management systems used in the medical industry, as 

well as the main applications and benefits of the QbD system as described in 

previous research studies. 

O2. Use the International Conference on Harmonisation of Technical Requirements for 

Pharmaceuticals for Human (ICH) Q8(R2) guideline [47] and quality risk 

management tools to develop a general framework for the QbD system for AM of 

patient-specific bone implants and scaffolds.  

O2.1. Develop the steps 1–5.3 of the QbD system for AM of patient-specific bone 

implants and scaffolds. 
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O2.2. Validate the Steps 1–5.3 of the QbD system for the early-stage design of 

patient-specific bone implants and scaffolds produced by AM. 

O2.3. Develop the Steps 5.4–5.7 of the QbD system for AM of patient-specific bone 

implants and scaffolds with a 3D risk management approach from an industry 

perspective. 

O2.4. Develop the Steps 7 and 8 of the QbD system for AM of patient-specific bone 

implants and scaffolds from an industry perspective. 

O3. Empirically perform an in-depth adaptation of QbD system for TNTs/Ti surfaces for 

bone/dental implants.  

O3.1. Develop the Steps 1 and 2 of the QbD system for TNTs/Ti surfaces for 

bone/dental implants. 

1.4 Research Design and Method Overview 

This study is relevant to the engineering project management and the biomedical fields 

of research. To achieve the described objectives, this exploratory study adapted the QbD 

system for AM of patient-specific bone implants and scaffolds, through industry 

engagement, research collaboration and risk assessment and quality management tools. 

The study adopted an overarching constructive research framework composed of a 

multistage mixed method research design, with a semi-qualitative approach  [48, 49].  

During the exploratory phase, knowledge was acquired from previous studies was 

conducted to identify research deficiencies and gaps, establish a repository of knowledge 

on the research topic, analyse the problem and build a foundation for the formulation of 

a QbD system for AM of patient-specific bone implants and scaffolds. This phase 

involved an intensive and detailed review of the existing literature related to quality 

management and AM of patient-specific bone implants and scaffolds. Following this 

phase, the first steps of the QbD system were qualitatively formulated and validated with 

a questionnaire-based survey and face-to-face interviews with pertinent experts from 

industry and research fields. 

The subsequent research phases consisted of sequentially conducted semi-qualitative case 

studies of various companies and research groups involving questionnaire-based surveys, 

face-to-face interviews, and visits to industry manufacturing premises. Next, using 

quality management tools and risk assessment techniques, the remaining steps of the QbD 
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system for AM of patient-specific bone implants and scaffolds were formulated. The 

findings from the study are then discussed and conclusions are drawn. Finally, future 

research strategies are recommended to further enhance and extend the findings of the 

present study. The details of the key research stages are presented below. 

1.5 Research Scope  

This scope of this research study was restricted to the following: 

1. This work draws from the literature and multiple case studies of selected firms 

and university research groups on bone tissue engineering and patient-specific 

implants with emphasis on product quality. 

2. The study employed the QbD system in conjunction with risk and quality 

management tools for early product development stages. Hence the research 

approach involved a longitudinal study of the QbD system for AM of patient-

specific bone implants and scaffolds. 

3. This research focused on the product development cycle of AM of patient-specific 

bone implants and scaffolds, with identification of the aspects affecting product 

quality such as characteristics, technologies, and fabrication processes.  

4. This research was limited to an adaptation of the QbD system for AM of patient-

specific bone implants and scaffolds to aid in the early design stage while ensuring 

quality based on the ideal characteristics of these products. 

5. A general adaptation of each step (excluding the sixth step) of the system was 

specified. Detailed specifications of various bone implant topologies are outside 

the scope of the present study. 

6. The developed QbD system aims to provide a strong framework for guiding 

research and industry towards error-free patient-specific bone implants and 

scaffolds. 
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7. This research was limited to perform an in-depth adaptation of the first two steps

of the QbD system for TNTs/Ti surfaces for bone/dental implants fabricated using

electrochemical anodisation.

Figure 1.1. Schematic describing the scope of this research within the QbD system. 

1.6 Research Novelty and Significance 

The novelty and significance of this PhD research can be observed in the following: 

• An expansion and improvement of the QbD system aspect of quality management

in the context of the medical device industry.

• The development of the QbD system for patient-specific implants and scaffolds,

providing a guide for research and industry to develop customised medical

devices under existing medical regulations and standards, and preparing the

industry for the inevitable future tightening of related medical regulations.

• The development of an integrated quality control procedure consisting of 18

distinct gates, based on the identification of best industry practices and reported

literature.

• The development of a failure mode, effects and criticality analysis (FMECA) with

a 3D risk assessment approach to assist the academic translation of additive

manufactured patient-specific Ti implants produced by AM.
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• Identification of the critical characteristics of TNTs as well as their fuzzy-level 

contributions to the biological, physicochemical, and mechanical performance of 

implants under the QbD system using a fuzzy approach. 

1.7 Structure of Thesis 

This thesis is composed of eight chapters presented in a logical sequence. Chapter 1 

introduces the present research study by addressing the research background, formulating 

the research questions and scope, providing an overview of the research method and 

outlining the thesis layout. A brief synopsis and indicative content of each chapter is also 

provided. Chapters 1, 2, 3 and 8 are traditional thesis chapters, while Chapters 4, 5, 6 and 

7 are reformatted peer-reviewed journal publications. 

Chapter 2 presents an in-depth literature review of bone biology, structure, and 

mechanical properties, including common human bone issues and medical solutions. This 

chapter also reviews the use of bio-materials for the treatment of human bone diseases 

and the fabrication of bone implants and scaffolds. Moreover, current AM technologies 

employed in the biomedical field for the fabrication of bone implants are presented. This 

chapter also reviews the main quality management systems currently employed by high-

tech industries.  

Charter 3 presents an overview of the research design and methodology. A detailed 

description of each of the research stage is provided in the chapters presenting peer 

reviewed studies. This chapter concludes a description of how the presented research 

approach was applied to achieve the research objectives and answer the research 

questions. 

Chapter 4 addresses the first four research questions of this study: RQ1: What are the 

ideal characteristics that of patient-specific bone implants/scaffolds produced by AM? 

RQ2: What are the critical attributes of patient-specific bone implants/scaffolds produced 

by AM?’ RQ3: What are the key activities and processes in the design and fabrication of 

patient-specific bone implants/scaffolds produced by AM? RQ4: What risks are 

associated with the design and fabrication of patient-specific bone implants/scaffolds 

produced by AM? This chapter formulates and validates a qualitative adaptation of the 

Steps 1–5.3 of the QbD system for customised AM of bone prostheses and scaffolds by 

employing an extensive systematic literature review, face-to-face interviews, and risk 
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assessment tools. The formulation of the first steps of the QbD system for such products 

was based on biological, physicochemical, mechanical, dimensional, and functional 

characteristics of these products. 

Chapter 5 responds to RQ5: What are the most critical risks associated with the design 

and fabrication of patient-specific bone implants/scaffolds produced by AM and the 

corresponding preventive and corrective actions to mitigate these risks? This chapter 

continues the formulation of the Steps 5.3-5.7 of the QbD system for patient-specific bone 

implants/scaffolds produced by AM by employing face-to-face interviews with industry 

experts, and risk assessment tools. As a result, a FMECA coupled with a 3D risk 

assessment approach was created. This contains the most critical failure modes (FM) and 

risk areas, as well as detailed preventive and corrective strategies to mitigate their effects 

on product quality. 

Chapter 6 is meant to address RQ6: What procedures, technologies, and strategies can 

be used to improve current quality issues during the design and fabrication of patient-

specific bone implants/scaffolds produced by AM? This is addressed by adapting Steps 7 

and 8 of the QbD system for patient-specific bone implants/scaffolds produced by AM 

by employing three case studies to identify best industry quality control technologies and 

strategies. Consequently, an integrated quality control procedure consisting of 18 gates 

based on best industry practices and reported literature was created. This included a 

detailed quality control industry guide containing recommendations and strategies to 

improve the quality of such products.  

Chapter 7 addresses the final last three questions of this study: RQ7: What are the ideal 

nano characteristics of Ti surfaces for orthopaedic/dental applications? RQ8: What are 

the critical characteristics of TNT surfaces for orthopaedic/dental applications? and 

RQ9: What is the level of contribution of each TNT characteristic to the overall implant 

performance? This chapter formulates and the steps the first and second steps of the QbD 

system for electrochemically anodised (EA) TNTs for therapeutic bone/dental implant 

surfaces. In addition, it presents an extensive systematic literature review and a 

subsequent web-based expert survey, and quality management tools to identify the 

various characteristics of TNTs as well as their fuzzy-level of contributions to the 

biological, physicochemical, and mechanical performance of implants under the QbD 

system using a fuzzy approach. 
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Finally, Chapter 8 summarises the key research outcomes, and highlights the 

contributions of this thesis to the field of patient-specific bone implants/scaffolds 

produced by AM. Further, the chapter addresses the limitations of this thesis with respect 

to methodology, scope, and framework and identifies avenues for future research that will 

address these limitations. Following the reference list, supplementary information (e.g. 

questionnaire survey, systematic literature search, and results of case studies) is provided 

in Appendices A through to M. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

The main purpose of this chapter is to provide a comprehensive review of common bone 

diseases, medical solutions, bone biology, and biomaterials used in the biomedical field. 

Moreover, it provides an explanation of how AM technologies are impacting the 

biomedical field, especially the production of bone implants. This is followed by a 

description of the various quality control challenges and standardisation issues 

encountered in the application of AM for patient-specific implants, as well as the various 

quality management systems used in high-tech companies and the biomedical field.  

2.2 Bone Diseases 

There are many physical conditions that necessitate bone tissue replacements and joint 

implants. Some of these conditions are due to degenerative diseases, birth defects, and 

orthopaedic traumas [50]. According to Geetha, Singh [3], almost 90% of the population 

over 40 years old is affected by degenerative bone diseases. Osteoarthrosis is the most 

common degenerative bone disease, and it affects 20% of Australian males and 40% of 

Australian females over the age of 65 [51]. Some of the factors that contribute to its 

development are high body mass index, genetics, poor nutrition, mechanical anomalies, 

and certain occupations [52]. Osteoarthritis leads to the detriment of the mechanical 

properties and self-healing mechanisms of the patient’s bones, necessitating partial or 

total replacement of hip or knee joints when other treatments are not effective [53]. 

However, despite the tremendous progress in biomedical engineering, 20% of patients 

subjected to joint reconstructive surgery are not completely satisfied [5]. This situation is 

reflected in the fact that orthopaedic products such as knee and hip prostheses are the fifth 

most recalled medical products; of these recalls, 48% are due to manufacturing issues and 

34% to design flaws [1, 6]. Furthermore, up to 15% of replaced joints develop 

periprosthetic joint infections, which require extensive antibiotic therapy to prevent 
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complete implant failure or revision surgery [54]. The costs of antibiotic therapy for this 

type of infection are usually five times higher than non-infected prosthesis [10]. 

Some of the main problems with orthopaedic implants are caused by their longevity, 

material properties, and mismatch with customer’s size and shape requirements [3, 55]. 

Wear is one of the main problems of load-bearing prostheses. This is caused by a high 

level of friction between their moving components [56]. Wear in a prosthesis leads to the 

release of particles that activate the immune system, triggering a series of biological 

responses that cause bone resorption and end in loosening of the implant [57]. Another 

problem with load-bearing prostheses is stress shielding, which is caused by prosthetic 

materials having a higher modulus of elasticity than the surrounding bone [58-60]. This 

phenomenon occurs because bone is a self-healing material that requires load application 

to remodel itself, but a material with a higher modulus absorbs all the stress generated, 

leading to bone reabsorption and subsequent loosening of the implant [61].  

In the case of bone defects, they can be caused by tumour resection, infections, complex 

fractures, and non-unions [4]. A bone defect is considered critical if the tissue defect does 

not entirely heal during a normal lifetime [62]. The minimum size of a critical bone defect 

depends on its location and the bone length, such as 6 cm for the humerus, 5 cm for the 

femur and tibia, and 3 cm for the forearm [4]. The most common treatment for bone 

defects is surgical intervention, where an autograft (bone taken from the patient’s body) 

is used to fill bone defect spaces [63]. However, due to their restricted availability, 

allografts (bone tissue from a deceased donor) are frequently used to treat critical-size 

defects [63].  

Bone grafting is a common surgical procedure; it has been estimated that 2.2 million 

grafting procedures are performed worldwide each year [4]. However, late graft rupture 

has been reported to be as high as 60% after 10 years of grafting procedure [9]. Moreover, 

allograft transplantation has an approximately 70% success rate. The low success rate of 

allografts is caused by the prevalence of infection, rejection by the host’s immune system, 

fatigue fractures, delayed union, non-union, and incomplete graft resorption [7, 8]. In the 

case of autografts, the disadvantages are increased post-operative morbidity, lack of 

available tissue, chronic pain, infection, nerve injury, and weakened bone donor graft 

sites [8, 64].  
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To solve these problems, the field of tissue engineering has focused on developing bone 

scaffolds to treat large bone defects using synthetic and natural materials such as 

hydroxyapatite (HAP), tricalcium phosphate (TCP), collagen, polycaprolactone (PCL), 

polyglycolic acid (PGA), and polylactic acid (PLA). For scaffold fabrication, several 

traditional techniques have been used without much success: solvent-casting particulate-

leaching, gas foaming, fibre meshes (fibre bonding), phase separation, melt moulding, 

emulsion freeze drying, solution casting, and freeze drying. However, the disadvantages 

of traditional scaffold fabrication techniques are their lack of control over porosity 

characteristics, such as pore size, pore distribution, and interconnectivity; the toxic by-

products of scaffold degradation; and their lack of consistent mechanical properties [65]. 

Current techniques for bone reconstruction are not sufficiently effective, representing a 

medical challenge that comes with several limitations and risks [63]. Moreover, no 

material yet exists with the ideal properties for bone tissue replacement [15, 66, 67]. To 

overcome these issues, tissue engineering has focused on various technologies, such as 

AM, that use synthetic materials, growth factors, stem cells, and nanotechnology.  

2.3 Bone Biology and Structure 

Bone is essentially an open-cell composite material of fibrous protein, collagen, and 

calcium phosphate crystals, with an intricate vascular system forming various structures 

and systems in a five-level hierarchically organised structure [68, 69]. According to Rho, 

Kuhn-Spearing [68], these five hierarchical levels are dimensional scales ranging from 

the sub-nano to the macro levels:  

1. Macrostructure: cancellous and cortical bone.

2. Microstructure (from 10 mm to 500 mm): Haversian systems, osteons, single

trabeculae.

3. Sub-microstructure (1– mm to 10 mm): lamellae.

4. Nanostructure (from a few hundred nanometres to 1 mm): fibrillar collagen and

embedded mineral.

5. Sub-nanostructure (below a few hundred nanometres): molecular structure of

constituent elements, such as mineral, collagen, and non-collagenous organic

proteins.
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The mechanical properties of bone depend on the relationships between its hierarchical 

levels and its unique material and structural arrangement. According to Currey [70, p. 4], 

‘at the lowest level bone can be considered to be a composite material consisting of a 

fibrous protein, collagen, stiffened by an extremely dense filling and surrounding of 

calcium phosphate crystals’. At the macrostructural level, in terms of its architecture, 

bone is an open-cell material with two areas of different apparent densities that depend 

on the bone’s porosity [69].  

The macrostructure of bone is divided into two structures: cortical and cancellous bone. 

Cortical bone is an external layer made of highly dense compact bone. Its porosity varies 

from 75% to 90%, and it is composed of the Haversian systems that contain blood vessels 

that run along the bone’s long axis [69]. These Haversian canals are composed of 

regularly organised lamellae with a cylindrical shape [68]. The inner layer of bone, called 

cancellous or trabecular bone, is a network of bone tissue with low porosity, which varies 

from 5% to 10%, that is surrounded by marrow [69]. Cortical and cancellous bone have 

different metabolic activities that affect their mechanical properties. On one hand, cortical 

bone has much lower metabolic activity than cancellous bone, and its level of maturation 

plays an important role in bone’s mechanical properties from the microstructural 

perspective [68]. On the other hand, cancellous bone is more active, providing various 

properties such as rapid remodelling, making it younger than cortical bone [68]. Bone 

remodelling is a dynamic process for self-repair and regeneration [71]. This process 

occurs through bone resorption and modelling from coordinated interactions between 

osteoblast, osteocyte, and osteoclast cells working as a team in the bone multicellular unit 

[71]. Osteoblasts are responsible for the production of new bone matrix, osteocytes for its 

maintenance, and osteoclasts for old bone matrix resorption [72]. 

Bone is an adaptive material that changes through time according to its mechanical 

environment [73]. The mechanical properties of bone are determined by its composition 

and its various macrostructures, microstructures, and nanostructures [74, 75]. The 

macroscopic behaviour of bone is like that of an anisotropic elastic material, and its 

mechanical properties, such as Young’s modulus, tension, compression, elasticity, 

viscosity, destruction, shear, and fatigue, have been studied for a century [76]. The 

mechanical properties of cortical and cancellous bone are different, due to their structural 

arrangements. For example, cancellous bone is a different material from cortical bone, 

and this is due to its structurally interconnected shape and its active metabolism that 
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regenerates faster than cortical bone [70]. Moreover, cancellous bone reorganises its 

structure by following the direction of stress and changing its density accordingly [69, 

70]. Consequently, the range of its mechanical properties is wider than that of cortical 

bone and is inconsistent, changing longitudinally and from bone to bone [69]. 

Table 2.1. Variations of bone’s mechanical properties according to different 

authors. 

Mechanical property Cortical bone Cancellous bone 

Yield strength tension (axis 
direction) 

79-151 Mpa [69, 77] 50 Mpa [77] 

Compression strength (axis 
direction) 

131-224 Mpa [69, 77]

164-240 Mpa [78]
2-5 Mpa [69]

Yield strength (transverse) 51-160 Mpa [20, 69, 78] 7.4-50 Mpa [20, 77] 

Compression strength (transverse) 106-180 Mpa [20, 69] 4-12 Mpa [20]

Young’s modulus for compression 17 Gpa [77] 0.76- 200 Gpa [69, 77] 

Young’s modulus (axis direction) 3-30 Gpa [20, 69, 78] 10-1570 Mpa [20, 78] 

Young’s modulus (transverse) 6-13 pa [69] 

2.4 Biomaterials 

Materials appropriate for implantation within the human body require distinct 

biocompatible properties. Therefore, in the selection of appropriate materials for implant 

applications, several factors must be considered. First, the intended implant location must 

be considered in order to predict the host response, which is governed by the biochemical 

and physical environments in contact with the medical device [79, 80]. Second, the 

material should possess appropriate biological and mechanical properties for its specific 

purpose to prevent physical damage to the body. Third, from the perspective of tissue 

engineering, materials should mimic one or multiple characteristics of the natural region 

of repair. In the case of bone repair, the desired characteristics are osteoconductivity, 

osteoinductivity, and osseointegration. As a result, for an optimum scaffold and prosthesis 

design, material science may combine several technologies to create suitable materials 

that fulfil these needs.    

Biomaterials are classified into three categories according to the material’s 

biocompatibility, or tissue reaction. In the first category are bioinert and biotolerant 

materials, which are materials that do not interact with the surrounding tissue. This 
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category comprises several materials such as polymers, ceramics, and metals. In the 

second category are bioresorbable materials, which are materials that are resorbed at a 

certain rate by the body as new tissue is formed [80]; some of the materials that belong 

to this category are polymers such as PLA, ceramics such as HAP, and metals such as 

magnesium. The third category comprises bioactive materials that spontaneously bond to 

and integrate with bone in the living body [81]. In the bioactive material category are 

ceramics, such as bioglass, and some titanium (Ti) alloys especially treated to enhance 

their biocompatibility. 

2.4.1 Bioceramics 

Bioceramics are a large group of materials used for bone tissue engineering (bone 

substitution and regeneration) due to their biocompatibility and mechanical properties 

[82]. Calcium phosphate ceramics are abundant in bone, constituting between 80% and 

90% of bone’s anorganic matter [67]. Therefore, calcium phosphate bioceramics, such as 

HAP and β-tricalcium phosphate (β-TCP), are the most-studied ceramic materials used 

for bone scaffolding applications [83]. For load-bearing applications, the major 

disadvantage of calcium phosphate bioceramics is their poor mechanical properties [84]. 

These materials lack plastic deformation, making them brittle and prone to cracking, and 

material failure tends to occur where cracks propagate [85]. Consequently, these materials 

are not suitable for load-bearing applications [84, 86]. Nevertheless, the lower wear rate 

of bioceramics compared to polymers and metals [82] makes these materials the preferred 

choice for surface coating to reduce wear in joint prostheses [61]. They are also 

commonly used for spinal fusion and maxillofacial and cranio-maxillofacial 

reconstruction, and as bone filler and bone cement due to their excellent biocompatibility 

and osteoconductivity [87].  

2.4.2 Bioactive Glasses 

Discovered in 1969 by Larry Hench, bioglasses are ceramic materials composed of 

calcium, phosphorus, and silicon dioxide [67]. Bioglasses are bioactive materials with 

osteointegrative and osteoconductive properties, with higher mechanical strength than 

calcium phosphate ceramics [88]. Therefore, bioglasses have been intensely investigated 

for bone tissue engineering applications [80]. The advantage of these materials is that by 

changing the proportions of their basic components, different forms with different 

properties can be obtained; for example, non-resorbable bioglasses can be transformed 
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into resorbable bioglasses [88]. Moreover, they can be designed with controlled 

biodegradability and drug and cell delivery capabilities [89]. Their applications also 

include bioglass scaffolds produced using AM with controlled porosity architecture and 

improved mechanical properties for bone regeneration [90, 91]. However, bioglasses are 

limited for use in practical load-bearing applications due to their low resistance to cyclic 

loading and their brittleness [92]. 

2.4.3 Polymers 

Polymers for tissue engineering applications are biocompatible materials that offer 

several advantages over other materials, including biodegradability, easy processability, 

and flexibility in the tailoring of their properties [67]. Moreover, several natural and 

synthetic polymers already have regulatory approval [82, 93]. Polymers can be classified 

as natural or synthetic according to their source [20]. 

Natural polymers are made from proteins such as alginate, gelatine, collagen, cellulose, 

and hyaluronate [20]. Some of the most common natural polymers in biomedical 

applications are collagen, chitosan, chondroitin sulphate [94], hyaluronic acid, silk, fibrin, 

and alginate [83]. The advantage of natural polymers is that they are bioactive materials 

that provide better interactions with cells than other biomaterials, improving their 

attachment and differentiation [94]. However, natural polymers can be expensive to 

produce, due to the difficulty in controlling their mechanical properties, biodegradation 

rate, and quality consistency [95]. Moreover, they can induce a negative immune response 

and have the risk of containing pathogenic impurities [93, 96]. As a result of the 

disadvantages of natural polymers, tissue engineering has been focused on synthetic 

polymers, which have low immunogenic potential [93] and are cheaper to produce at a 

large scale, with good quality consistency [82, 95]. Moreover, their mechanical 

properties, microstructure, and degradation rate can be tuned according to scaffolding 

needs [96]. Nevertheless, synthetic polymers can release toxic by-products during their 

degradation [97].  

Despite the advantages of natural and synthetic polymers, they are unsuitable for load-

bearing applications due to their lower modulus of elasticity compared to bone, unstable 

mechanical strength, and tendency to creep [82, 83, 89]. Consequently, for bone tissue 

engineering, polymers are frequently reinforced with other materials such as bioactive 

ceramics to improve their mechanical properties [82, 97]. 



Chapter 2 

19 | P a g e

2.4.4 Metals 

To replace hard tissue in load-bearing applications, metals have been the common choice 

due to their mechanical properties, corrosion resistance, and biocompatibility. Most of 

these materials are alloys, such as 316L stainless steel (316LSS), cobalt chromium (Co–

Cr), and Ti alloys such as Ti–6Al–4V [3].  

2.4.4.1 Stainless Steel 

At the beginning of 1960s stainless steel was the gold standard for orthopaedic prostheses; 

however it is not commonly used today [98]. 316LSS is an iron based alloy with 

chromium(Cr), nickel (Ni), and molybdenum (Mo) [98]. The advantages of stainless steel 

are its great ductility and fatigue resistance compared to titanium and cobalt-chromium 

(CoCr) alloys [99]. 

One of the major problems of this material is its high Young’s modulus of elasticity (200 

Gpa), which is around 10 times higher than natural bone, leading to wear issues [98] and 

stress shielding. Furthermore, stainless steel presents other problems when is used for 

permanent implants, such as metal toxicity, poor corrosion resistance and fatigue [56]. 

The toxicity of this alloy is caused by the addition of nickel as an austenite stabilizing 

element, which has led to the research of stainless steel  Ni-free alloys using large 

quantities of nitrogen (N) as an stabilizing element [99]. 

2.4.4.2 Cobalt-chromium Alloys 

The most used cobalt-chromium alloys in the biomedical field are cobalt-chromium-

molybdenum (Co-Cr-Mo) and cobalt-nickel-chromium-molybdenum (Co-Ni-Cr-Mo) 

[69]. Co-Cr-Mo alloys were first developed for aerospace applications and introduced in 

the1940’s for orthopaedics use [56]. Cobalt-chromium alloys are mostly used for the 

femoral component of hip prosthesis [61], and tibial and talar components for total knee 

and ankle replacement [56].  

The mechanical properties of these alloys are much higher than stainless steel. Cobalt-

chromium alloys have a modulus of elasticity that ranges between 210-253 Gpa, and with 

a tensile strength between 655 and 1896 Mpa [61]. Comparatively,  cobalt-nickel-

chromium-molybdenum (Co-Ni-Cr-Mo) has an elasticity of 200-230 Gpa and a tensile 

strength between 600 and 1795 Mpa [61]. The advantages of these materials are their 

toughness, fatigue life, corrosion resistance [56], and their superb wear resistance [99]. 
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Additionally, cobalt alloys have a much higher notch resistance than titanium and 

stainless steel [56].  

However, the disadvantage of these alloys is the potential release of toxic nanoparticles 

of Co and Cr due to malpositioning of the implant resulting in a high wear debris rate 

[100], eventually leading to inflammatory problems and tissue loss [101]. Moreover, Co-

Ni-Cr-Mo has the same toxicity problem as stainless steel due to its Ni content, therefore 

Co-Cr-Mo is preferred [99]. Also, Co-Ni-Cr alloys have low coefficient of friction make 

it not suitable for articulated parts [69]. Further, cobalt-chromium alloys are expensive 

materials due to low machinability [56]. 

2.4.4.3 Titanium  

Among all metallic materials, Ti alloys are the gold standard for orthopaedic applications 

[102] due to their high biocompatibility [99], high corrosion resistance, low modulus of 

elasticity [3], and high strength-to-weight ratio [103]. Furthermore, Ti is a reactive metal 

that naturally forms a thin layer of oxide, which blocks metal ions from reaching its 

surface, increasing its biocompatibility [104]. Nevertheless, the most common problems 

of metallic materials are wear and the stress-shielding effect caused by their high modulus 

of elasticity compared to bone [56, 58-60]. 

The biomedical applications of Ti alloys are quite broad and encompass dental implants; 

hip, shoulder, knee, spine, elbow, and wrist replacements; bone fixation components; and 

cardiovascular applications [3]. The most widely used Ti alloy in the biomedical field is 

Ti–6Al–4V [59]. Titanium and Ti–6Al–4V are more notch sensitive than cobalt chrome 

alloys and have weaker wear properties when used as a bearing surface. Therefore, the 

wear properties of Ti alloy may be improved through processes such as ion implantation, 

especially if it is to be used in a joint articulation [98]. 

Nevertheless, the use of Ti–6Al–4V has been debated it can cause neurological, metabolic 

and carcinogenic health problems, such as Alzheimer’s disease and ostemomalacia. This 

is caused by nickel toxicity, and the release of ions from aluminium and vanadium [3, 56, 

69]. Therefore, free-vanadium alloys were developed using niobium, such as Ti–6Al–

7Nb and Ti–13Nb–13Zr which have lower modulus of elasticity [59]. 
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2.4.4.4 Titanium Shape Memory Alloys 

Titanium shape memory alloys (SMA) are known for their superelasticity and shape 

memory effect. These alloys after been deformed have the special property to return to its 

original shape with the application of heat at certain temperature, which activates its shape 

memory effect to come back to its original state [105]. The memorization process of these 

alloys is thanks to a treatment done with temperature or a magnetic field [105], which 

gives a reversible martensitic state between the β and α phases [106]. According to 

Niinomi [107], low modulus titanium shape memory and superelastic alloys have the 

perfect mechanical properties for medical implants. Also, Jani, Leary et al. [105] points 

out that these alloys match human bone and tendon stress–strain behaviour. 

The most known titanium shape memory alloy is Ni-Ti (Nitinol), that is a β phase titanium 

alloy [108], composed of 50 at.% nickel and 50 at.% titanium [109]. This alloy is used in 

the biomedical field to produce products such as intramedullary nails and spinal implants 

[3]. The advantages of Nitinol alloy, are its superelastic behaviour at high temperatures, 

high corrosion resistance, and less sensibility to magnetic fields [109]. Moreover, Nitinol 

exhibits a low Young’s modulus between 28-40 Gpa [105]. 

However, nickel (Ni) at certain concentrations can cause serious health problems, such 

as necrosis, toxic reactions, genotoxicity, carcinogenicity, and mutagenic effects [110]. 

But, despite the fact that there are no reported cases of toxic levels of Ni to cause allergic 

reactions from NiTi alloy implants [3, 108, 109], there are no commercial products for 

the orthopaedic market [109], and the use of NiTi implants is limited in Europe [111]. 

2.4.4.5 Magnesium Alloys (biodegradable metal)  

Magnesium is an abundant element in bone tissue and is essential in many biological 

processes in the human body [112], such as stabilising DNA and RNA structures [101]. 

Magnesium has several advantages over other biomaterials. For example, of all metallic 

alloys, magnesium alloys possess mechanical properties that are closest to those of bone 

[99]. Magnesium’s fracture toughness is higher than that of bioceramics, and it has more 

ductility than synthetic HAP [112]. Moreover, magnesium alloys are biodegradable in the 

human body without presenting toxic effects [101]. Therefore, these alloys have been 

suggested for biodegradable orthopaedic implants [113]. Nevertheless, magnesium’s high 

biodegradability rate is its major drawback. This is because magnesium has a fast 

corrosion rate in the human body, not providing enough time for bone tissue to grow 
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completely and affecting the mechanical integrity of the implant [101]. Moreover, during 

magnesium’s corrosion process, hydrogen gas is produced between the implant and the 

bone, delaying the healing process and presenting the risk of necrosis and separation of 

tissues [113]. However, several authors state that magnesium does not cause infections 

and that the hydrogen gas can be removed with a subcutaneous needle [114]. 

Additionally, the occurrence of hyper-magnesium is unusual, because the body excretes 

magnesium though the urine [112]. As a result of magnesium’s disadvantages, several 

magnesium alloys are being developed using non-toxic rare-earth elements and surface 

treatments to slow magnesium’s corrosion rate and improve its mechanical properties 

[113, 115]. 

2.4.4.6 Zinc Alloys (biodegradable metal) 

Zinc is a vital element for the human body and involved in different cellular and metabolic 

processes such as apoptosis regulation, growth promotion and tissue regeneration, signal 

transduction, and nucleic acid metabolism [116]. Currently, Zinc and its alloys are highly 

studied in tissue engineering implants due to its biodegradable properties, antibacterial 

properties, and its negligible toxicity [116]. For example, the main by-product of zinc 

metal corrosion is Zn2+ stimulates beneficial osteogenesis in bone and can suppress 

harmful smooth muscle cells [117]. The great advantage of Zinc is its ideal degradation 

rate compared to other biodegradable metals such as Iron and Magnesium, make it an 

ideal candidate for bone tissue applications [118]. Moreover, Zinc and zinc-based alloys 

have high processability properties due to their good machinability, and low chemical 

reactivity and melting points [118]. However, the disadvantage of pure zinc lies in its low 

mechanical properties such as hardness, strength, and elasticity. As a several efforts had 

been made to create different biocompatible Zinc alloys to improve its mechanical 

performance [117]. 

2.4.4.7 Iron Alloys (biodegradable metal) 

Fe is an essential element in the human body for different physiological reactions [116]. 

There are several advantages of Fe that makes this material an ideal candidate for 

absorbable load-bearing implants. Firstly, Fe is an inexpensive biocompatible material 

that release hydrogen gas during biodegradation [119]. Secondly, from all the 

biodegradable metals that can be used to manufacture absorbable implants  Fe (iron) has 

the highest mechanical strength and manufacturability [118]. Moreover, Nevertheless, Fe 

and Fe alloys have to overcome several barriers before been used in biodegradable 
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implants. Firstly, some authors argue that  the corrosion by-products of Fe and Fe-based 

alloys can accumulate within the human body repelling neighbouring cells [117]. 

Moreover, the ferromagnetic behaviour of Fe which can affect medical imaging systems 

[120, 121]. Furthermore, one of the main disadvantages of Fe and Fe-based alloys is their 

slow corrosion rate, but this problem can be countered with the design of Fe porous 

scaffolds with high surface area to accelerate degradation [118]. As a result, recent studies 

have been focused on developing different Fe based alloys to achieve higher degradation 

rates and reduced ferromagnetic properties to facilitate the use of Fe for the development 

of  biodegradable cardiovascular stents and bone scaffolds [121, 122]. 

Table 2.2. Classification of biomaterials, adapted from [3, 80, 123]. 

Material 
Classification 

Response Effects Examples 

Bioinert Induce to form a 
fibrous capsule of 
thin connective tissue 
(0.1–10 lm), without 
any adhesion to the 
implant surface. 

Leads to implant 
loosening and 
failure. 

Polymers: Polymer-poly tetra 
fluoroethylene (PTFE), polymethyl 
metha acrylate (PMMA), ultra-high 
molecular weight polyethylene, etc. 

Metals: Gold, Titanium, Cobalt 
Chromium, stainless 

Steel, niobium, tantalum, etc. 

Ceramic: partially stabilised zirconia, 
alumina, etc. 

Bioactive Bone tissue formation 
and integration 
surrounding the 
implant material is 
achieved. 

Implant is 
accepted by 
patient’s body, 
leading to success 
of implantation. 

Metals: Some titanium alloys  

Ceramics: Bioglass, synthetic calcium 
phosphate, synthetic hydroxyapatite, 
glassceramic A-W, bioglass®, etc. 

Bioabsorbable Material is replaced 
by the tissue 
ingrowth 

Implant is 
accepted by 
patient’s body, 
leading to success 
of implantation. 

Polymers: Polylactic acid and 
polyglycolic copolymers, etc.  

Ceramics: Hydroxyapatite, tricalcium 
phosphate, bioglass, carbon–silicon, 
Calcium oxide, calcium carbonate and 
gypsum, etc. 

Metals: Magnesium, Zinc, Iron 

2.4.5 Coatings for Orthopaedic and Dental Implants 

Titanium and its alloys are the ideal material choice for orthopaedic and dental implant 

applications, owing to their biocompatibility and corrosion resistance [3]. However, 

despite the excellent biocompatibility and mechanical properties of Ti and Ti alloys, they 

usually necessitate long healing periods to create a stable interface with the surrounding 

bone [16], frequently resulting in insufficient osseointegration [17]. Hence, to further 
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augment Ti’s bioactivity, Ti surface modifications have been made at the macroscale, 

microscale, and nanoscale [18-20]. Briefly, these include HAP–polymer coating, protein 

immobilisation, and various topography modifications achieved by anodisation or acid-

etching [21]. 

Each method used to modify the surface of a Ti alloy can be classified as a mechanical, 

chemical, or physical method (Liu, Chu, & Ding, 2004) or a nanophase coating [124]. 

Mechanical methods are used to obtain a desired surface topography and to remove 

surface contamination (Liu, Chu, & Ding, 2004), leading to improved biomineralisation 

and increased surface reactivity and hardness [79]. Chemical methods are used to enhance 

bioactivity, biocompatibility, and corrosion resistance, and to improve bone conductivity 

and remove contamination [79]. However, numerous in-vitro and in-vivo investigations 

have established that nanoscale topography outperforms macroscale and microscale 

surface features in augmenting cellular functions [22]. Additionally, studies have revealed 

immune-modulatory and antibacterial effects from various nanoscale surface 

modifications [23]. 

2.4.6 TNT Coating for Orthopaedic and Dental Applications 

Among the various nanotopographic modifications of Ti, electrochemically anodised 

(EA) titanium dioxide (TiO2) nanotubes (TNTs) stand out due to their enhanced 

bioactivity, local drug elution, and ability to be functionalised [125-127]. Electrochemical 

anodisation is a cost-effective strategy for fabricating highly ordered TiO2 structures with 

a great degree of control over their dimensions [128]. Titanium dioxide nanotubes are 

ideal surface modifications for bone or dental implants owing to their tailorable cellular 

modulation and therapeutic functions [79, 129-131]. The ability of nanotubes to load and 

locally elute various therapeutics has demonstrated customisable antibacterial, immune-

inflammatory, and osseointegrating functions [79, 129-131]. 

For a material to be classified as nanomaterial, the single-unit size of its characteristics, 

such as particle size, surface coating thickness, and grain size, must be between 1 nm and 

100 nm [132]. These nanophase materials can be made to resemble bone surface 

topographies and mechanical properties [133]. This is done by changing the grain size of 

the implant surface to a small number of atoms [3]. Therefore, the surface area can be 

increased by 11% to 23% [3], resulting in an increment in and acceleration of cell density 

and osseointegration [79, 133]. For example, Oh, Daraio [134] observed that by using 
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TNTs, cell adhesion was increased by 300%–400% compared to non-treated Ti surfaces. 

Other studies have reported that HAP has a higher adhesion to TNT surfaces compared 

with non-anodised surfaces [135]. Furthermore, nanotubes are not damaged by shearing 

forces that result from being implanted in a bony defect, demonstrating their possible 

clinical applications [136]. 

The production of nanotubes is not limited to TiO2. Studies have demonstrated that 

nanotubes can be produced with other biocompatible metals such as zirconium, with 

positive cell reactions such as cell adhesion and spreading [129]. For example, Frandsen, 

Brammer [137] used electrochemical anodisation to make superhydrophilic zirconium 

dioxide nanotubes that promote protein absorption and cell adhesion.   

Table 2.3. Biological results of various TNT studies in different cell types. 

TNT diameter Cell type Assessment of cell behaviour and results Ref 

80 nm diameter, 400 nm 
long 

MSC Cell viability, protein production, Osteoblast adhesion, 
differentiation, morphology. 

Higher adhesion and proliferation with 40% increase in the number 
of cells present. 

Higher Alkaline phosphatase activity. 

Higher Calcium and Phosphorous deposition (50%) (Extracellular 
matrix). 

No adverse in vivo immune response. 

[138] 

78 nm diameter, 1µ long, 
18nm spacing 

RAW 264.7 
macrophages 

Cell morphology, viability, proliferation, nitric oxide essay, 
Cytokine/chemokine gene expression 

Better cell adhesion in terms of adhesion speed, lower inflammatory 
response, lower nitric oxide production, no signs of toxicity. 

Macrophages adopted a more spread, elongated appearance than on 
nanotubes with diameters≥50 nm. 

[139] 

15-100 nm diameter MSC, and 
hematopoietic 
stem cells 

Cell adhesion, growth, migration, motility, differentiation and 
apoptosis. 

Cell adhesion and spreading are enhanced by nanotube diameters of 
~ 15-30 nm. 

Strong decay in cell activity was observed for diameters >50 nm. 

15 nm diameters induce a highest activation of cells. 

100 nm diameters lead to a significantly increased cell death rate 
(apoptosis). 

[129] 

20, 50, 70, 100, and 120 
nm diameters, 100, 250, 
300, and 400 nm long 

Preosteoblasts Morphology.  Higher Cell adhesion on 20, 50, 70 nm diameter 
nanotube. 

Higher cell proliferation at 120 nm at 24 h and 100 nm at 48 h. 

The highest Alkaline phosphatase activity was on 70 nm nanotubes, 
and lower on 100-120 nanotubes 

[140] 

30 nm, 50 nm, 70 nm, 
and 100nm diameters 

MC3T3-E1 
(osteoblast 
precursor) 

Morphology 

50nm diameter yielded the best osteoblast differentiation 

[141] 

40 nm diameter, 10 µm 
long 

MC3T3-E1 
(osteoblast 
precursor) 

Cell spreading, viability, morphology, protein adhesion, alkaline 
phosphatase, matrix mineralization. 

Higher adhesion and spreading. 

Higher protein adhesion. 

Improved initial cellular response and bone cell maturation. 

Improved osteoblast functionality and mineralization. 

[137] 
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2.5 Additive Manufacturing in the Biomedical Field 

Additive manufacturing, generally known as 3D printing, is a technology supported by 

computer-aided design (CAD) software that progressively builds 3D physical models 

from a series of cross sections that are automatically joined together to create a final shape 

[142]. This technology was pioneered in the 1980s by Charles Hull, who used a system 

called stereolithography (SLA) [143]. Over subsequent years, several systems emerged 

using the same basic principle of fusing 2D layers to create a 3D model. The existing AM 

processes are classified into seven main categories: binder jetting; directed energy 

deposition; material extrusion; material jetting; powder bed fusion; sheet lamination; and 

vat photopolymerization [144]. Currently, there are 24 AM processes [142, 143, 145-

147]. Those most used in the biomedical field [148, 149] are SLA; inkjet 3D printing 

(3DP); polyjet photopolymer, or jetted photopolymer (J-P); fused deposition modelling; 

selective laser sintering (SLS); and electron beam melting (EBM). These are used 

especially in orthopaedics, dentistry, and maxillofacial surgery [150, 151]. 

2.5.1 Stereolithography (SLA) 

Stereolithography, or photopolymerisation, was one of the first methods of AM used in 

the medical field to produce 3D models of human anatomy and assist in the planning of 

surgical procedures [152]. In this process, the SLS printer focuses a laser beam on the 

surface of a vat of photocurable liquid resin. The laser beam is an ultraviolet beam that 

‘draws’ one layer at a time, curing the resin until the 3D model has been created. The 

remaining resin is poured off and used for the next project [142].  

The advantages of SLA are that it can produce high-precision parts with a high resolution 

(1.2 µm) and surface finish [149]. In tissue engineering, SLA has been used to produce 

scaffolds with materials such as poly(propylene fumarate) (PPF), photocurable variations 

of poly(ethylene glycol)/poly(D,L-lactide) (PEG-PL) hydrogel, and gelatine methacrylate 

(GelMA) [123]. Moreover, Cooke, Fisher [153] produced biodegradable polymeric 

scaffolds using this method.  

The limitations of SLA are that the process is slow, taking from 6 hours to a few days to 

produce a model [152]. The resulting models begin to be deformed over time in humid 

environments, because the resins are hydroscopic [154]. Moreover, SLA can use only one 

type of resin during the entire process, and most of the resins commercially available are 
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toxic acrylics and epoxies. These resins are also brittle and shrink when they are 

polymerised [155]. Additionally, the SLA process must include support structures, which 

are later difficult to remove, leading to mistakes and re-fabrication [123] 

2.5.2 Inkjet 3D Printing (3DP) or Binder Jet Printing 

Inkjet 3D printing was invented at MIT by E. Sachs and M. Cima to build solid freeform 

models [156]. The process, also known as binder jet printing, builds the 3D model by 

applying discrete droplets using the drop on demand (DoD) method, which releases drops 

one by one, as needed, to bind powder material on a bed layer by layer [157]. This 

technology can create parts made of ceramic, metals, and wax [156].  

The benefit of inkjet 3D printing, especially for tissue engineering, is the ability to use 

different materials [149], such as calcium polyphosphate, poly(vinyl alcohol) (PVA), 

HAP, TCP, and a variety of ceramics [123]. However, the drawbacks are that it builds 

parts that are fragile, it requires post-processing, and it has large tolerances that may cause 

rough surface finish [158]. Moreover, in scaffolds fabricated with this process, pores can 

be clogged by particles of the material used, and the scaffold pore size is limited by the 

material’s particle size [159]. 

2.5.3 Jetted Photopolymer (J-P) or Polyjet Photopolymer 

The polyjet photopolymer method uses ultraviolet light to cure liquid polymer that has 

been sprayed with an inkjet head to create a part layer by layer [160]. The advantage of 

this method is that it uses multi-nozzles to print different materials at the same time [161] 

with an accuracy of 16 µm [123]. Moreover, inkjet printing can produce models with both 

hard and soft textures and different colours [152]. Also, the process is not expensive, is 

fast and can be used in an office [147]. However, the model requires support materials 

for overhang features that are built with a gel polymer during the process [160].  

2.5.4 Fused Deposition Modelling (FDM) 

The term fused deposition modelling was trademarked, leading to other companies calling 

the process plastic jet printing, thermoplastic extrusion or the fused filament method 

[143]. This method uses a thermoplastic filament that is semi-molten and extruded 

through a nozzle to build a 3D model [162]. This technique uses two materials during the 
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process: a thermoplastic, which constitutes the finished model, and a gel to act as the 

scaffolding that is removed or dissolved when the model is finished [143]. 

Fused deposition modelling has the advantage that it can use a wide range of colours and 

materials, such as a wide range of thermoplastics; PLA, a bioplastic made of corn starch; 

medical grade ABS (MABS); foodstuffs; ceramics; metals; and synthetic stone [143, 

155]. In the field of biotechnology, Envisiontec used the principles of this technology to 

create a 3D printer capable of reproducing scaffolds with microstructural patterns that 

enhance cell invasion for tissue engineering and organ printing [152, 163]. The 

disadvantages of this process are that it has low resolution, it does not build models with 

smooth surfaces, and the building process of large parts is slow [160]. Moreover, the 

resulting models are fragile, with anisotropic behaviour [162]. 

2.5.5 Selective Laser Sintering (SLS) 

In the mid-1980s, SLS was invented and patented at the University of Austin, Texas by 

Carl Dekard and Joe Beaman [164]. Selective laser sintering creates parts using a laser 

that scans and fuses cross sections of compacted powder particles in a preheated bed, 

inside a vacuum chamber or a chamber filled with an atmosphere of inert gas, such as 

argon or a mixture of oxygen and nitrogen [165]. The type of laser employed in this 

method depends on the power density required to fuse the material particles, so a 

continuous wavelength laser of carbon dioxide (λ = 10.6 µm) is used for polymers, and a 

ytterbium fibre laser (λ ≈ 1.1 µm) is used for metals [165]. The accuracy of SLS depends 

on the size of the powder particles and the diameter of the laser beam [123]. 

The materials available for this technology are powdered polymers, metals, and ceramics 

such as nylon, polycarbonate, cobalt chromium, bronze-based alloys, nickel-based alloys, 

steel, and Ti alloys [146, 166]. Some of the materials used in tissue engineering for 

scaffold fabrication are PCL polymer, HAP, PVA, polyether ether ketone (PEEK), and 

PLA [123]. However, the energy required to sinter parts made of ceramic materials is 

higher than the energy needed to sinter polymers and metals [165]. Furthermore, there is 

a similar method called selective laser melting (SLM). The difference is that in SLM, the 

particles are completely melted to create each layer, and as a result, the parts built have 

problems such as residual stress and distortion [147].  

Selective laser sintering has several advantages over other AM technologies. First, SLS 

can create fully dense objects with a high accuracy tolerance of less than ±0.1 mm and 
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with mechanical properties similar to those produced by common manufacturing methods 

such as cast-parts and machined-parts manufacturing [143]. Moreover, SLS can build 

large and small parts from a wide range of materials without requiring supports [148]. 

Also, after building an object, it is possible to recycle the unsintered material [142]. 

There are three main disadvantages to this process. First, the sintering cycles can take 

several  hours to several days [167]. Also, the surface finish of sintered parts is not as 

smooth or sharp as that of parts made using SLA, but it can be improved with post-

processing methods [148]. Moreover, the particle size and shape of the powder materials 

must follow strict specifications to guarantee high-quality parts and consistent mechanical 

properties [167].   

2.5.6 Electron Beam Melting (EBM) 

Electron beam melting (EBM) is similar to SLS technology, but EBM uses a beam of 

electrons instead of a laser, in order to fuse the metallic powder metallic particles inside 

a vacuum chamber (10−4𝑚𝑏𝑎𝑟) at temperatures between 700°C and 1,000°C [168].

When the model is finished, the chamber is filled with helium gas to accelerate the cooling 

process [169].  

The advantages of EBM compared to traditional fabrication methods is that can create 

high- purity metallic parts with unique mechanical properties and a microstructure that 

can meet or exceed ASTM standards for orthopaedic implants [170]. For example, in the 

case Co-Cr-Mo alloy parts that are fabricated with EBM have a higher percentage of 

elongation (up to 20%) compared to Co-Cr-Mo ASTM alloy parts made with using a 

traditional process [169].  

The disadvantages of EBM are the costs associated with its maintenance and production, 

and its narrow range of available materials {Baufeld, 2010 #348}, which are metals with 

sufficient electrical conductivity to be melted. Therefore, only three Ti alloys (Ti6Al4V, 

Ti6Al4V ELI, and Ti Grade 2) and a cobalt chromium alloys (CrCo ASTM F75) are 

commercially available for this technology [146]. 

2.5.7 AM for Bone Implants and Scaffolds 

Additive manufacturing technologies can create complex interconnected and porous 

structures with controlled pore size, shape, and distribution and properties resembling 
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bone’s mechanical properties, such as modulus of elasticity and induced bone ingrowth 

[103, 171]. This capability permits fabrication of hierarchical structures at the microscale 

and the manipulation of material properties to create mesomaterials. In terms of implant 

design, this means that products can be designed with a biomimetic approach according 

to patient anatomy and the bone tissue’s mechanical properties [14]. Metallic implants 

with a biomimetic design can eliminate the risk of stress shielding effect and promote 

early bone regeneration [159]. Moreover, the design freedom of AM allows its use for 

difficult clinical scenarios in which bone diseases, deformities, and trauma usually 

necessitate reconstruction of bone defects with complex anatomical shapes, which is 

extremely difficult to perform even for the most skilled surgeon [15]. The complex 

reconstruction of bone defects is possible by combining the advantages of AM with CAD 

and medical imaging technologies, such as computed tomography and magnetic 

resonance imaging, to fabricate implants according to the patient’s specific anatomy, thus 

achieving an exact adaptation to the region of implantation. This bespoke approach 

provides better quality of life to the patient, reducing the probability of infection due to 

reduced operation recovery time, better cosmetic appearance, and improvement in joint 

dynamic performance, as well as a reduction in hospital expenses [25, 26]. 

With AM technologies, porous prostheses and scaffolds have been made of polymers, 

ceramics, metals, and composite materials [83]. In AM, mainly porous ceramic materials 

are used for the fabrication of bone scaffolds to treat bone defects and allow for bone 

regeneration. The advantage of porous ceramic scaffolds is that they can be biodegradable 

and osteoconductive [84, 172]. As with any other material, the porosity of a ceramic 

greatly affects its mechanical properties, but ceramic’s advantage is that it is easy to use 

in the 3D printing of custom bioabsorbable implants with micropores to repair bone 

defects [172, 173], such as in maxillofacial and cranio-maxillofacial reconstruction. For 

example, Seitz, Rieder [174] successfully demonstrated 3D printing of porous HAP 

scaffolds with interconnected inner channels of 447 µm and wall thickness of 330 µm 

(Fig. 2.23). They also found that the scaffolds were not structurally strong enough for 

load applications, but they could be used as bone implants. In another study, conducted 

by Warnke, Seitz [175], 3D-printed and sintered HAP and TCP scaffolds were tested in 

vitro and then compared with a commercial bone replacement material called BioOss® 

(Fig 23). Warnke et al. (2010) 3D printed highly uniform pores of 0.5 mm, showing 

satisfactory results in cell osteoblast colonisation. Furthermore, Warnke et al. (2010) 
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reported that HAP scaffolds showed more cell vitality and higher biocompatibility than 

BioOss®, but BioOss® had better results than TCP scaffolds. 

It must be acknowledged that metallic bone implants with a modulus of elasticity similar 

to that of bone can drastically reduce wear, shear stress, and bone resorption and 

consequently prevent implant loosening and revision surgery [176]. This may translate 

into better quality of life for the patient, reduction in hospital expenses and recovery time, 

and improvement in joint dynamic performance [26]. With porous Ti alloys, 

osseointegration is also achieved, and better results have been accomplished in relation 

to mechanical properties. For example, Dabrowski, Swieszkowski [177] and Barbas, 

Bonnet [171] reported that porous additively manufactured Ti implants can induce 

osseointegration. Also, Fukuda, Takemoto [178] reported enhanced osteoinduction in 

chemically and thermally treated porous AM Ti implants with internal channels. 

Furthermore, Heinl, Müller [179] used selective electron beam melting (SEBM) to 

fabricate porous structures (either diamond-shaped or hatched) made of Ti–6Al–4V with 

controlled pore size, shape, and distribution, and with a chemical surface modification to 

induce apatite formation and improve bone ingrowth.  

An important mechanical property of bone and bone implants is the elastic modulus as it 

has proved to be critically important in artificial prosthesis and scaffolds to avoid stress 

shielding [180, 181]. Stress shielding is one of the main design flaws of load-bearing 

prostheses. Stress shielding occurs when there is a stiffness mismatch between the 

implant and surrounding bone and can cause inflammation and the need for revision 

surgery [182]. Ti and common implant Ti alloys have an elastic modulus of roughly 100-

120 GPa, much higher than bone’s 3-30 GPa [180, 182-184]. A reduced modulus is 

necessary to avoid stress shielding and can be achieved by designing the implants with a 

porous structure [185]. With AM porous implants made of biocompatible Ti alloys can 

be fabricated to provide an elastic modulus comparable to that of natural bone, reducing 

the risk of stress shielding between the implant and surrounding tissue. For example, Zou 

et al [186] designed three implants with similar pore size and shape. By reducing the 

porosity from 72 to 53% they received a compressive strength of 200 MPa and Young’s 

Modulus of 4.3 GPa, instead of a compressive strength of 60 MPa and Young’s modulus 

of 2 GPa. Even though both implants achieved a stiffness similar to that of human bone, 

only the implant with 53% porosity achieved a compressive strength greater than human 

bone. Hence the implant with 72% porosity would not qualify as a load bearing bone 
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implant. These results, along with previous research by Pattanyak et al and Murr et al, 

confirm the influence of porosity on mechanical properties [187] and also shows that the 

implant porosity may be adjusted within limits to increase strength and adjust bone 

stiffness that varies for each patient’s characteristics. 

The implant’s pore size determines whether bone cells can successfully penetrate and 

grow within the structure and many studies discuss the influence of pore size on the 

biological properties of implants [182]. For example, many studies have shown that 

Additively manufactured porous Ti implants with a minimum pore size of 100 µm is 

required for vascularization and bone ingrowth, but that pores larger than 100 µm 

increases bone in-growth by allowing improved vascularization and oxygenation [188-

190]. Other studies also found that pores greater than 300 µm are required for 

vascularization and bone ingrowth [132, 190]. Tang et al [191]  found that 200-350 µm 

is the optimal pore size and various studies found that bone ingrowth is less likely to occur 

beyond 400 µm [185, 192, 193]. However, a research that used 300, 600 and 900 µm pore 

sizes in porous Ti scaffolds found that 600 and 900 µm had much higher bone ingrowth 

than the scaffolds with 300 µm pores [194]. Bose et al [195] suggests that all pore sizes 

between 100 and 600 µm are osteoconductive. Fukuda et al [178] experienced greater 

results in 500 and 600 µm pores compared to 900 and 1200 µm pores. Xue et al [196] 

gained results concluding that pore size in the range of 100–600 μm possess the optimum 

ability for cell growth into the pore structure of porous titanium. 

According to Heinl, Müller [179], the mechanical properties obtained for the diamond 

structure with average porosity of 80.5% are similar to those of trabecular bone (E = 1.6 

Mpa and σy = 22 Mpa), while the hatched structure with 61.3% porosity shows properties 

between those of trabecular and cortical bone (E = 12 Mpa and σy = 107 Mpa). Similar 

results were obtained by Maleksaeedi, Wang [197], who used an inkjet 3D printer to 

fabricate Ti scaffolds that were later sintered in a furnace between 1,000°C and 1,350°C 

and then coated with titania and HAP using a hydrothermal treatment and electrochemical 

deposition. The scaffolds showed a bimodal porosity of 70% by design and 13%–16% by 

process, with a modulus of elasticity similar to that of trabecular bone (between 0.31 and 

0.33 Mpa) [197]. Nonetheless, pores act as stress concentrators, reducing the material 

load capacity [198]. As a result, for the design of load-bearing prostheses, it is important 

to balance mechanical properties with biological stimulation. Consequently, there have 
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been several efforts to find the optimal balance between pore size and porosity percentage 

in different materials.  

Table 2.4. Summary of advantages and disadvantages of current additive 

manufacturing technologies used in the biomedical industry. 

Technology Materials Biomedical use Advantages Disadvantages Ref. 

Selective laser 
sintering (SLS) 

Metals, 
ceramics, 
polymers 

Orthopaedic 
implants, tissue 
scaffolds 

• High accuracy 
and details.

• Fully dense 
parts. 

• No need of part
support.

• Good 
mechanical 
properties.

• Narrow range of
materials. 

• High energy 
consumption.

• Long building cycles.

• Grainy surface. 

• Difficult part cleaning

• Needs high quality 
powder spec.

[86, 
142, 
148, 
167, 
199] 

Electron beam 
melting (EBM) 

Metals 
Orthopaedic 
implants 

• High accuracy 
and details.

• Fully dense 
parts. 

• No need of part
support.

• Unique and high 
mechanical 
properties.

• Narrow range of
materials. 

• High maintenance 
and energy costs.

• Recycled powder
specifications

[169, 
199, 
200] 

Stereolithography 
(SLA) 

Polymers, 
ceramics 

Surgery planning 

• High building 
speed.

• Good part
resolution with 
complex
internal 
features 

• High accuracy

• Overcuring, scanned 
line shape

• Commercially 
available materials
are brittle and toxic 

• Need support
structure 

[86, 
149, 
155, 
199, 
201, 
202] 

Fussed 
deposition 
modelling (FDM) 

Thermoplastics Tissue scaffolds 

• Inexpensive 
machine.

• Multi-material 
printing

• No need off par 
support.

• Limited part
resolution.

• Poor surface finish.

• Internal defects

• High cost for supplies
and materials.

[86, 
155, 
199] 

Polyjet 
Photopolymer 

Photopolymers 

Bioprinting of:  

Soft scaffolds 
Smooth muscles 
cells 

Human fibroblast 
and bovine aortic 
endothelial cells 

Cartilage 

• Multi-material 
printing.

• High surface 
finish

• Low mechanical 
properties.

[149, 
199] 

Inkjet 3D printing 
or Binder jetting 

Polymer, 
ceramics, 
metals, 
polymer-
metals 
composites 

Hard and soft 
tissue scaffolds. 
Bone scaffolds 
with drug 
delivery 

• Wide range of
materials
available.

• High surface 
finish

• Multi-material 
printing.

• Full-colour
objects

• Can build small 
and large parts
without the 
need of
supports

• Cost effective 

• Low mechanical 
properties.

• Require infiltration 
during post-
processing.

• High porosities on 
finished parts.

• Difficult part cleaning

[86, 
149, 
199] 
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For example, in the Netherlands, the world’s first customised Ti 3D-printed mandible was 

fabricated, designed based on CT images to restore the mandible of an 83-year-old 

woman who was suffering from an aggressive infection that required the entire removal 

of this bone [203]. The prosthesis was fabricated using SLS technology and treated with 

plasma-sprayed HAP to improve its biocompatibility. The custom prosthetic mandible 

was designed to restore the temporomandibular joint, including features to attach the 

patient’s muscles and conduct the nerves [12]. The results of the surgery and the patient’s 

recovery were completely satisfactory, showing normal functioning of the mandibular 

movements with appropriate swallowing and speech [203].  

Another example of custom AM bone prosthesis was an Australian case in which the first 

3D-printed calcaneus bone was implanted into a 71-year-old man diagnosed with sarcoma 

in his right foot. The standard procedure to treat a patient with this condition is a below-

knee amputation. Fortunately, given the success of 3D printing in the fabrication of his 

custom bone prosthesis, the patient’s leg was saved. The prosthesis was fabricated using 

EBM and designed to mirror the CT image data from the patient’s left calcaneus bone 

[11]. Moreover, the weight-bearing implant included anchor points to attach the spring 

ligament, Achilles tendon, and planar fascia, was polished in the articular surfaces, and 

was tested to support more than 6 tons of load. According to Imanishi and Choong [11], 

the advantages of this procedure are fewer hospitalisation expenses, reduced operating 

time, and better surgical recovery. 

2.5.8 Quality Issues in AM Patient-Specific Implants and Scaffolds 

The design and manufacturing processes of custom bone prostheses involves many steps, 

which can lead to mistakes in any of the workflow processes such as medical image 

acquisition, data transfer, the segmentation process, and additive machine settings [204]. 

Moreover, in any of these processes, imperceptible dimensional errors can occur, 

affecting the final product’s accuracy [205]. This can result in inaccurate and 

imperceptibly distorted models, leading to surgical mistakes or errors in prosthesis 

measurements [206].  

During image acquisition, various kinds of errors can occur if the instructions provided 

by the design company and the medical doctor are not strictly followed. Therefore, it is 

important to follow the CT scanning protocol provided. For example, the gantry tilt, 
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which is the angle at which the patient is scanned, should be set to 0°. If this is not 

followed and the gantry angle is small, it may lead to imperceptible errors in the final 

model [154]. Additionally, it is important not to produce low-resolution images nor to 

compress the image files, because this can lead to loss of information quality and cause 

discrepancies [207]. 

One of the most common errors that occur in the process of CT image acquisition is due 

to a patient’s involuntary movement resulting in distorted images [206]. For example, for 

maxillofacial surgery, as little as 1 mm of displacement may lead to unusable models, and 

if the patient is scanned with a closed bite, this will result in an overlap of upper and lower 

teeth [206]. Moreover, metal artefacts in the patient, such as dental amalgam or gold 

fillings, can distort the CT images and affect the 3D model [206]. In this case, to generate 

a clean model, artefacts must be removed by editing the CT images slice by slice [154]. 

Furthermore, during the image segmentation process for bones, noise can be found 

between boundaries of dense tissues, making it difficult to perform an approximated 

tissue differentiation [206]. This problem may be caused by an incorrect thresholding, 

where the voxels along the boundaries automatically acquire the wrong threshold value 

[204]. This happens because a voxel can have only one threshold value, so if it is located 

in a boundary and is shared by two tissues, it will acquire the threshold value of the 

dominant tissue [204]. Therefore, image segmentation is one of the most sensitive 

processes in the workflow [208]. 

Another typical error in 3D printing is the stair stepping effect. This kind of error affects 

the surface resolution of the AM object and can be caused by the slice thickness of the 

CT images, the part-building orientation, the thickness of the AM machine’s building 

layer, and the wrong approximation of the freeform shape [209]. Nevertheless, these kinds 

of errors can be minimised, but not completely eliminated, by changing the CT protocol, 

adjusting the AM machine settings, or optimising the STL model [209].  

In traditional manufacturing methods, process monitoring and control are widely 

employed in academic and industrial applications to ensure process consistency [210]. 

However, in AM, process monitoring and control have been adopted mainly in research 

[211]. This is because AM systems involve a multitude of high-complexity factors, 

making the control and monitoring of its processes extremely challenging [212]. Some of 

the variables involved are part orientation [213], layer thickness, hatch spacing, bed 

temperature [214], laser diameter and temperature [167, 215], and cooling cycle [216]. 
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Moreover, in AM systems, machine errors and incorrect machine settings may cause 

irregularities in the model [209]. Unless adequately monitored and controlled, these 

factors can lead to fabrication errors that compromise material properties, dimensional 

accuracy, and biological safety. 

Regardless of the 3D printing system used, it is necessary to clean and finish parts after 

they are manufactured [31]. The method to clean AM parts varies according to the system 

used for their manufacture. For example, some systems build parts using support 

structures that must be removed later [123], while powder-based systems require build 

parts to be cleaned of the remaining particles of the powder bed [167]. Moreover, 

depending on the desired surface finish, certain finishing processes are needed, such as 

tumbling and sandblasting [31]. However, porous parts can be affected by imperceptible 

inclusions of particles inside their pores, compromising their biological safety [217].   

Moreover, residual stress and dimensional distortion can be caused by uniform heating 

and cooling of metals, leading to the premature failure and fatigue of the 3D-printed part 

[218]. Nevertheless, this problem can be reduced using various approaches, such as heat 

treatments [219] or ultrasonic impact treatment (UIT) [220], or it can be controlled by 

optimising the AM machine settings [218]. Additionally, in powder-based AM 

technologies, the distribution of the powder bed particles can affect the surface quality of 

the built part. This can be caused by wear of the coater blade, short of feed power [221], 

and material flowability [222]. 

Table 2.5. List of causes of quality non-conformity in patient-specific bone 

implants fabricated by AM. 

Level 0 Level 1 Level 2 Level 3 

Non-
conformanc
e risks 

1. Method

1. CT
protocol

Code Risk Effect Ref. 

1.1.1 
Difficulty to implement 
CT protocol. Use of wrong 
CT parameters 

• Model dimension distortion [208, 223] 

1.1.2 
Slice increment is too 
large, or the slice 
thickness is too big 

• Stair step effect 

• Rough dissolved surface 

• Fail to capture thin bone (mainly in
facial structures such as orbital walls)

• Smooths out sharp corners greatly 
affecting the accuracy of sharp vertices
or acute edges.

[154, 205, 
209, 223-
227] 

1.1.3 
Small radiation dose 
compared to slice 
thickness 

• Noise in images leads to wrong 3D
reconstruction

[225] 

2. Image 
acquisition

1.2.1 Wrong gantry tilt 
• Distortion of 3D volumetric

reconstruction

[154, 224, 
228]  

1.2.2 
Patient involuntary 
movement during CT scan 

• Discrepancies in CT images

• Distortion of 3D volumetric
reconstruction

[206, 224, 
227]  

1.2.3 Metallic artefacts 
• Distortion of 3D volumetric

reconstruction

[206, 224, 
227, 228]  

1.2.4 
Compressed file or wrong 
file format 

• Discrepancies in CT images

• Low quality image resolution
[207]



Chapter 2 

37 | P a g e

3. Image 
segmentatio
n 

1.3.1 
Incorrect thresholding or 
algorithm processing 

• Fail to capture thin bone (mainly in
facial structures such as orbital walls)

• Larger or smaller models due to wrong 
boundaries

• Noise in 3D volumetric reconstruction

• Dimensional variations in the model

[154, 204, 
205, 207, 
208, 223, 
224]  

4. 3D
volumetric 
reconstructi
on

1.4.1 
Incorrect mesh 
generation 

• Dimensional variations in the model

• Noise in 3D volumetric reconstruction

• Loss of data

• Fail to capture thin bone

[204, 207, 
208, 223]  

1.4.2 
Incorrect mesh 
optimization or 
refinement 

• Poor and rough surface quality [154, 208]  

1.4.3 Software used 

• Dimensional variations in the model

• Noise in 3D volumetric reconstruction

• Loss of data

• Fail to capture thin bone

[204, 207, 
208, 223] 

1.4.4 
Conversion from DICOM 
to STL. 

• Dimensional variations in the model

• Noise in 3D volumetric reconstruction

• Loss of data

• Fail to capture thin bone

[204, 207, 
208, 223]  

5. Design

1.5.1 
Software: file conversion 
between STL and CAD 

• Loss of part details such as thin bone 
of the orbital wall, due to incomplete 
data transfer during file conversion

• Loss of thin bone 

• Floating regions

[223, 224, 
227]  

1.5.2 
Wrong freeform 
approximation 

• Stair step effect [209] 

1.5.3 
Wrong implant/scaffold 
design 

• Inclusions of particles inside closed
cavities

[167] 

1.5.4 
Wrong design (surface 
and unit cell) 

• Wrong implant mechanical properties
for soft-hard tissue contact adaptation
(modulus of elasticity)

[189, 229] 

1.5.5 Close tolerances 
• Wrong tolerances of the fabricated

part due to tolerances being geometry 
dependent 

[167] 

1.5.6 

Wrong scaffold pore 
design (unit cell), such as 
size, shape, and 
interconnection  

• Insufficient cell density and bone 
regeneration

[229, 230] 

1.5.7 
Insufficient support 
structures 

• Part or surface damage [227] 

1.5.8 Wrong tolerances • Fusion of trapped particles [167] 

1.5.9 
Incorrect material or 
design parameters  

• Part shrinkage and distortion [209] 

1.5.1
0 

Incorrect part orientation 
for fabrication 

• Stair step effect 

• Undesired surface quality

• Orthotropic or transvers isotropic
mechanical behaviour

• Dimensional inaccuracy

• Bad surface quality

• Risk of warping

• Can increase fabrication time

• Leads to dimensional inaccuracies due 
to post machining

[162, 209, 
213, 231-
234] 

6. 
Simulation 
and FEA 

1.6.1 

Discrepancies between 
computational simulation 
and experimental data, 
due to inaccurate micro 
precision in fabrication  

• Inaccurate mechanical and biological 
properties as well as fluid dynamics

[232] 

1.6.2 
Errors in joint kinematics 
estimation  

• May affect load computations. [235, 236]  

1.6.3 
Inaccurate estimation of 
bone contact forces   

• Implant failure [237, 238]  

1.6.4 
Inaccurate estimation of 
bone/implant contact 
forces   

• Inaccurate estimation of micromotion
and stability between bone and
implant

[237, 239]  

1.6.5 Incorrect FEA parameters 

• Wrong design

• Wrong design optimization

• Wrong implant prediction of
mechanical behaviour

[239] 

7.  
Fabrication 

1.7.1 
Inaccurate fabrication of 
micro-features such as 
pore size and shape   

• Reduced biological and mechanical 
performance

• Defective product

[232]
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1.7.2 
Localised material 
heating and cooling. 

• Thermal warping or dimensional 
distortion

• Residual stress

• Material microstructure variation

[147, 216, 
218-220,
240]

1.7.3 Material contamination 
• Defective product due to impurities

higher than max limits
[223] 

1.7.4 Part overhanging features • Undesirable defects [241] 

1.7.5 Residual polymerization • Inaccurate parts [224]  

1.7.6 
Fabrication layer 
thickness. 

• Stair step effect in Z direction

• Material density

• Surface roughness

[154, 208, 
209, 214, 
240, 242]  

1.7.7 
Large scanning spacing or 
hatch spacing 

• Stair step effect in X and Y directions,
leading to dimensional inaccuracy 

• Insufficient bonding between scan
tracks

• Poor mechanical properties

[209, 214, 
234, 240]  

1.7.8 
Low scanning spacing or 
hatch spacing 

• Slowdown the fabrication process

• Increases amount of energy require

• Increases fabrication cost 

[234] 

1.7.9 Laser diameter • Omission of part fine details [167, 224]  

1.7.1
0 

High laser temperature 

• Part shrinkage 

• Fusion of surrounding particles

• Over-curing or over-sintering

[209, 215]  

1.7.1
1 

Low laser temperature 
• Slow fabrication process

• Increases fabrication cost 
[234] 

1.7.1
2 

Powder bed temperature  
• Variation on part density and

mechanical properties

• Age hardening of material

[214, 234, 
243] 

1.713 
Material thermal and 
phase change effects 

• Part shrinkage [240] 

1.7.1
4 

Incorrect cooling cycle 

• Thermal warping 

• Changes in colour 

• Variation in material microstructure.

• Damage of unsintered powder

[167, 216]  

1.7.1
5 

Part exposition to 
atmosphere when still at 
high temperature 

• Changes in colour [167] 

1.7.1
6 

Different professional 
terminologies  

• Defective product 

• Misinterpretation of different 
terminologies from the different fields
involved.

[244] 

1.7.1
7 

Process documentation 
and expression of 
documents 

• Defective product.

• Inaccurate product definition

• Inefficient workflow

• Miscommunication and difficulty to
understand different terminologies
from the different fields involved

[244] 

1.7.1
8 

Communication method 
(technology used) 

• Defective product 

• Inefficient workflow

• Inappropriate interpretation of the 
transferred knowledge

[244, 245]  

1.7.1
9 

Difficulty to monitor 
fabrication process 

• Can leads to reduced quality

• Process inconsistency 

• Unreliability

[211, 214, 
246-248]

1.7.2
0 

Inaccurate/inefficient 
material recycling 
method 

• In powdered materials this can lead to
larger particle size, contamination, and
oxidation.

[142, 167, 
216, 249]  

8. Finishing

1.8.1 
Removal of supporting 
structures 

• Part damage 

• Lead to surface roughness where 
support structures were allocated

[154, 224]  

1.8.2 
Part cleaning (Sand 
blasting) 

• Part damage (changes in part 
dimensions) 

• Inclusions of particles in porous
structures (biological contamination)

[167, 217, 
250, 251]  

1.8.3 
Surface modification 
method 

• Discrepancy in mechanical behaviour [252] 

9. Surface 
topography
modification

1.9.1 
Surface topography 
modification parameters. 

• Wrong biological performance

• Biofilm formation

[129, 139, 
253, 254]  

1.9.2 
Selection of surface 
topography modification 
method. 

• Different biological performance

• Biofilm formation
[254, 255] 
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10. Implant 
dimensional 
validation

1.10.
1 

Difficulty locating land 
marks to measure the 
model. 

• Wrong measurement of model [224, 244]  

1.10.
2 

Human error during 
measurement 

• Wrong measurement of model [224, 244]  

1.10.
3 

Dimensional validation 
method 

• Wrong measurement of model [224, 244]  

11. 
Sterilization 

1.11.
1 

Wrong selection of 
sterilization method 

• Implant dimensional changes

• Alteration of surface chemistry and
morphology 

[256, 257]  

1.11.
2 

Inefficient sterilization 
• Biological hazard, such as viral and

microbial transmission

• Leads to revision surgery

[258-260]  

2. Machine

2.1 Building speed variation 

• Inaccurate part dimensions

• Defective part

• Higher cooling rates

• Higher material porosity

[209, 234] 

2.2 
Misalignment of 
positioning system 

• Inaccurate part dimensions

• Defective part
[209] 

2.3 
Part movement during 
fabrication 

• Inaccurate part dimensions

• Defective part
[209] 

2.4 
Clogged print head or 
Nuzzle   

• Damaged or defective part [209, 214]  

2.5 Worn coater blade • Low surface quality [221] 

2.6 Short of feed powder • Low surface quality [221] 

2.7 Laser failure 
• Internal defects

• Undesirable porosities
[217, 261] 

2.8 

Random errors in parts 
made by the same 
process, using the same 
material and parameters 

• No identical implants [240]  

2.9 
Localised material 
heating and cooling 

• Thermal warping 

• Dimensional distortion

• Residual stress

• Material phase change effects

[147, 216, 
218-220,
240]

2.10 Machine maintenance 
• Equipment failure

• Inefficiency 
[241, 262]  

2.11 Machine calibration 
• Dimensional inaccuracies

• Low quality parts
[241, 263]  

2.12 Machine parameters 

• Dimensional accuracy 

• Low quality parts

• Unreliable mechanical properties

[214, 234, 
241] 

2.13 
Difficulty to monitor 
fabrication process 

• Can leads to reduced quality

• Process inconsistency 

• Unreliability

[211, 214, 
246-248]

3. 
Personnel 

3.1 
Poor communication 
between design team and 
surgeon 

• Inaccurate product 

• Difficulty to predict surgery risks and
results

[264, 265]  

3.2 
Misinterpretation of the 
transferred knowledge 

• Defective product

• Inefficient workflow

• Inaccurate  product definition

[244] 

3.3 

Availability of high 
qualified personal in the 
necessary professional 
skills 

• Can lead to low performance 

• Difficulties in product development 
[266, 267]  

3.4 Material Suppliers • Low material quality [268] 

3.5 
Fabrication/design 
suppliers 

• Low quality [244, 268]  

3.6 
Deficient personnel traits 
and training  

• High chances of mistakes during design
and fabrication processes, leading to
low quality products

[266] 

3.7 

Lack of training and 
experience due to 
introduction of new 
technologies and surgical 
methods (medical doctor) 

• Inaccurate use of implant 

• Higher surgery risk
[265, 269]  

3.8 

Low stakeholders’ 
involvement during the 
product development 
and design process 

• Incorrect product characteristics [269, 270]  

3.9 

Limited knowledge of 
patient’s current health 
condition and biological 
characteristics  

• Poor preoperative planning

• Iatrogenic trauma

• Concomitant injuries and illnesses

• Longer operation time

• Increment of revision surgeries

• Higher infection rate

• Decreased of bone healing rate

[271, 272] 
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4. 
Materials 

4.1 
Material stored under 
sun light and humid 
places 

• Damage material and contamination

• Distinct mechanical properties
[145, 209]  

4.2 Expired material 
• Inconsistent mechanical properties

• Inconsistent printing quality
[209] 

4.3 
Wrong material mix (% of 
virgin and % of recycled) 

• Inconsistent mechanical properties [215] 

4.4 
Wrong powder particle 
size 

• Incorrect particle bonding,

• Weaken part areas.

• Incorrect powder material flowability

• Decreases fabrication resolution

[167, 208, 
242, 249, 
273]  

4.5 
Wrong material 
characteristics and 
contamination 

• Inconsistent mechanical properties,
not compliance with regulations

[167, 241, 
249]  

4.6 Wrong material selection 
• Reduced implant biocompatibility 

• Reduced life span
[274] 

4.7 Material reuse times  

• Can lead to contamination

• Increment in oxygen content,

• Less spherical and rougher powder 
particles

• Increase in powder flowability,
Inconsistent mechanical properties

[167, 215, 
216, 275]  

2.6 The Role of AM in Industry 4.0 

The term industry 4.0 was first coined in 2011 by the German National Academy of 

Science and Engineering [276]. Industry 4.0 refers to the fourth industrial revolution, 

fuelled by nine foundational technological advances [277]: big data analytics, 

autonomous robots, simulation, horizontal and vertical system integration, the internet of 

things, cybersecurity, cloud computing, augmented reality, and AM [277]. Development 

towards this new industrial revolution has led developed countries to create governmental 

initiatives that support the establishment of smart factories, smart products, and smart 

services supported by these nine key technologies [278]. As a result, this predicted 

industrial revolution promises social, economic, and political changes, such as shorter 

product development periods, mass customisation, highly flexible manufacturing, 

decentralised manufacturing, and resource efficiency [279], as well as many opportunities 

for the realisation of sustainable manufacturing [280]. 

As one of the most disruptive manufacturing technologies, AM plays a key role in 

industry 4.0. Unlike subtractive manufacturing technologies, AM offers several 

advantages in terms of product design and manufacturing environment due to its ability 

to build parts by joining the material layer by layer [144]. First, AM has a low 

environmental impact because the material used during fabrication is minimal and the 

unused material can be recycled, producing less waste. This environmental advantage is 

especially evident when AM is used in the metal manufacturing sector where raw material 

used can be reduced by up to 40%, with 95% to 98% recyclability of the unused material 
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[281]. Second, due to the manufacturing flexibility of AM, just-in-time production 

becomes the natural manufacturing environment for these technologies, where short lead 

times to market are required [282, 283]. This AM capability allows companies to adapt 

to the immediate intermittent demand of personalised products using minimal amounts of 

material resources to produce high-quality goods with maximum variety [284]. Another 

advantage is that product costs are drastically reduced because the production chain is 

reduced to a small number of processes, requiring less machinery and space. The 

combination of these benefits provides a significant opportunity for new ventures and 

small companies to innovate and compete in the medical market. A further benefit is that 

hospitals are able to reduce their inventory of non-emergency medical devices, which 

otherwise raise issues such as high storage costs and difficulty identifying damaged 

products [285]. Other advantages are that the production environment of AM increases 

interactivity and merges design and manufacturing activities. Thus, the designer and 

manufacturer can become one, enabling a closer relationship among designers, suppliers, 

and customers (e.g., surgeons), localising production with real-time planning, and 

creating economies of scale [286]. Moreover, AM creates an opportunity to reduce the 

risks and costs of non-conformance products during the design and manufacturing 

processes, because the designer, who is also the manufacturer, can easily detect defective 

products and immediately perform corrective actions [287]. Further, AM increases the 

need for a closer relationship between equipment and material suppliers, to facilitate 

supply chain management and strategy [288]. 

Additive manufacturing technologies are capable of fabricating complex shapes that are 

not possible with traditional manufacturing methods. Therefore, the need to design for 

manufacturing becomes obsolete, eliminating traditional design constraints. 

Nevertheless, complexity is increased in all domains by factors such as high design 

variability and changeable customer needs with patient-specific products. To achieve 

reliable production systems, this complexity necessitates shorter and more effective 

product development cycles and the integration of high-performance processes and 

technologies [27-29]. These factors are also reshaping manufacturing and medical 

standards, manufacturing management, quality control, and product lifecycle 

management [27, 151].



Chapter 2 

42 | P a g e

2.7 The Quest for Comprehensive Standards for the AM 

Medical Industry  

Standards are voluntary documents that establish specifications, procedures, and 

guidelines to maximize the reliability of products, services, and systems and to ensure 

they are consistent and safe. Standards help to make better products that are compatible 

and able to interact with other products. Standards facilitate the implementation of 

technologies and accelerate the product development cycle. Generally, standards 

stimulate innovation by accumulating, codifying, and sharing technological knowledge 

and experience [289] through the identification of best industry and research practices in 

producing better products [290]. 

In the medical field, companies are subjected to strict regulations that require the 

implementation of quality standards, such as ISO13485:2016, in order to demonstrate 

their ability to provide medical devices and related services that consistently meet 

customer requirements [291]. These standards and regulations are designed for mass 

production and off-the-shelf standard implants that have low variability of product 

characteristics. As a result, the recommended quality control methods for medical devices 

heavily rely on statistical techniques and regulations focused on compliance to customer 

requirements as opposed to continuous product improvement and satisfaction of customer 

needs [292]. Imposed priority forces companies to deliberately design their products to 

fit within existing approved thresholds and avoid having to seek further time consuming 

approvals for minor variations [40]. 

The introduction of additive manufactured patient-specific products into the medical 

market is presenting serious challenges to regulatory bodies tasked with managing and 

assuring product quality and safety [293]. According to the U.S. Food and Drug 

Administration (FDA) [294], some of these challenges include “determining optimal 

characterisation and assessment methods for the final finished device, as well as optimal 

process validation and acceptance methods for these devices”. Medical device regulatory 

bodies around the world are slowly introducing regulatory changes to cope with the 

significant technological and scientific progress in the medical field. For example, in 

2017, the European Union (EU) created the Medical Device Regulation (MDR) that will 

come into force in 2020 to replace the current Medical Device Directive (MDD 

93/42/EEC) and Active Implantable Medical Devices Directive (AIMDD 90/385/EEC) 
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[295]. Furthermore, despite the drastic changes that MDR will impose, currently, there is 

no published guidance on patient-specific medical devices [46, 296]. 

Table 2.6 Existing active ISO/ASTM standards for additive manufacturing 

relevant to patient-specific implants and surgical guides. 

Standard 
Designation Code 

Standard 
Last Revision 
Date 

ISO/ASTM 52900 Standard Terminology for Additive Manufacturing—General Principles—Terminology 2015 

ISO/ASTM 52901 
Standard Guide for Additive Manufacturing—General Principles—Requirements for 
Purchased AM Parts 

2016 

ISO/ASTM 52910 Additive manufacturing-Design-Requirements, guidelines and recommendations 2018 

ISO/ASTM 52915 Standard Specification for Additive Manufacturing File Format (AMF) Version 1.2 2016 

ISO/ASTM 52921 
Standard Terminology for Additive Manufacturing—Coordinate Systems and Test 
Methodologies 

2013 

ASTM F2924 
Standard Specification for Additive Manufacturing Titanium-6 Aluminum-4 Vanadium 
with Powder Bed Fusion 

2014 

ASTM F2971 
Standard Practice for Reporting Data for Test Specimens Prepared by Additive 
Manufacturing 

2013 

ASTM F3049 
Standard Guide for Characterizing Properties of Metal Powders Used for Additive 
Manufacturing Processes 

2014 

ASTM F3001 
Standard Specification for Additive Manufacturing Titanium-6 Aluminum-4 Vanadium 
ELI (Extra Low Interstitial) with Powder Bed Fusion 

2014 

ASTM F3091 Standard Specification for Powder Bed Fusion of Plastic Materials 2014 

ASTM F3122 
Standard Guide for Evaluating Mechanical Properties of Metal Materials Made via 
Additive Manufacturing Processes 

2014 

ASTM F3213 
Standard for Additive Manufacturing—Finished Part Properties—Standard 
Specification for Cobalt-28 Chromium-6 Molybdenum via Powder Bed Fusion 

2017 

ASTM F3301 
Standard for Additive Manufacturing–Post Processing Methods–Standard Specification 
for Thermal Post-Processing Metal Parts Made Via Powder Bed Fusion1,2 

2018 

ASTM F3302 
Standard for Additive Manufacturing—Finished Part Properties—Standard 
Specification for Titanium Alloys via Powder Bed Fusion 

2018 

ASTM F3303 
Standard for Additive Manufacturing—Process Characteristics and Performance: 
Practice for Metal Powder Bed Fusion Process to Meet Critical Applications 

2018 

On the other hand, in December 2017, in an effort to cope with the rapid growth of 3D-

printed medical devices on the market, the FDA released its first guidance document 

called Technical Considerations for Additive Manufactured Medical Devices: Guidance 

for Industry and Food and Drug Administration Staff [294]. The objective of this 

document is to provide a framework for evaluating AM processes by identifying various 

aspects of AM technologies. Therefore, the guide does not intend to establish a quality 

system for the manufacture of patient-specific devices produced with AM; instead, the 

guide emphasizes the use of current International Organization for Standardization 

(ISO)/American Society of Testing and Materials (ASTM) standards for AM. ASTM and 

ISO are two similar organizations focused on the development of standards for a wide 
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variety of industries [297, 298]. Establishing ISO/ASTM standards is a collaboration 

work between the two main organizations with the purpose of developing the standards 

for AM. 

Currently, there are a total of fifteen ISO/ASTM active standards for AM as well as 

approximately 119 related standards, which should be considered for the development 

and the manufacture of metallic patient-specific implants and of polymeric surgical 

guides, as presented in Table 2.6. To date, ISO and ASTM have been actively working 

on 14 new guides for designing, manufacturing, and testing methods of AM parts, as 

presented in Table 2.7. Overall, it can be said that, despite the considerable efforts to 

create standards for AM technologies, there is still a lack of medical regulations for 

medical devices produced with AM technologies [14, 299, 300], which is also preventing 

manufacturers and practitioners from adopting these technologies [36]. Therefore, as we 

showed in previous work, to achieve a successful industry transformation in this domain 

requires collaborative efforts and sharing of best industry and research practices to 

promote the use of AM technology and to foster innovation in the medical field [301]. 

Table 2.7 Works in progress of new ISO/ASTM guides for the design, 

manufacturing, and test methods of AM parts. 

Draft 
Number 

Standard 

WK64190 New Guide for Additive Manufacturing Design—Decision Guide 

WK49229 New Guide for Orientation and Location Dependence Mechanical Properties for Metal Additive Manufacturing 

WK62190 New Specification for Additive Manufacturing Feedstock Materials Technical Specifications on Metal Powder 

WK55610 New Test Methods for the Characterization of Powder Flow Properties for Additive Manufacturing Applications 

WK62867 New Guide for Additive Manufacturing—General Principles—Guide for Design for Material Extrusion Processes 

WK62946 
New Guide for Additive Manufacturing—General Principles—Guide for Design for Directed Energy Deposition 
Processes 

WK60265 
New Guide for Assessing the Removal of Additive Manufacturing Residues in Medical Devices Fabricated by 
Powder-bed Fusion 

WK58219 
New Guide for Additive Manufacturing—Feedstock Materials-Creating Feedstock Specifications for Metal 
Powder Bed Fusion 

WK65420 
New Specification for Additive Manufacturing Qualification Principles for Equipment—Standard Guidelines 
Laser Powder Bed Fusion (L-PBF) for Metal 

WK60942 
New Test Method for Additive Manufacturing—General Principles—Effective Shear Properties for Ordered 
Cellular Additively Manufactured (AM) Materials 

WK60943 
New Test Method for Additive Manufacturing—General Principles—Effective Tensile Properties for Ordered 
Cellular Additively Manufactured (AM) Materials 

WK60941 
New Test Method for Additive Manufacturing—General Principles—Effective Compressive Properties for 
Ordered Cellular Additively Manufactured (AM) Materials 

WK62417 
Revision of F3301—18 Standard for Additive Manufacturing – Post Processing Methods – Standard Specification 
for Thermal Post-Processing Metal Parts Made Via Powder Bed Fusion 

WK58220 
New Guide for Additive Manufacturing—Process Characteristics and Performance -Standard Guidance for 
Specifying Gases and Nitrogen Generators Used with Metal Powder Bed Fusion Machines 
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2.8 Quality Management Systems 

2.8.1 Total Quality Management 

Total quality management (TQM) is an umbrella approach to management aimed at long-

term development. It is focused on the continuous improvement of quality products and 

services at every level and the fulfilment of customer satisfaction while reducing costs 

[302]. Total quality management is a consumer-oriented concept that generates value for 

customers as well as a high level of satisfaction for employees, creating an empowered 

culture of quality within the organisation [303]. According to [304, p. 237], ‘TQM breaks 

down every process or activity and emphasises that each contributes or detracts from the 

quality and productivity of the organisation as a whole’. Therefore, each employee is 

responsible for product quality. Total quality management requires top-down leadership 

and management involvement to achieve organisational changes at the political and 

personal level [305]. 

Total quality management uses a wide variety of tools and techniques to improve process 

workflow and organisational culture [292]. Some of the popular tools used by TQM are 

Ishikawa diagrams, Pareto diagrams, risk assessment [306], the Six Sigma approach 

[307], just-in-time manufacturing [308], and benchmarking [309]. Total quality 

management had been successfully implemented in large organisations such as Toyota, 

IBM, Xerox, and Motorola before it began to be popularised worldwide [310]. According 

to Seetharaman, Sreenivasan [311], the advantage of TQM is that it can be integrated at 

all company levels. Other benefits that TQM offers to an organisation are the following: 

improvement of employee involvement, increased customer satisfaction, improvement of 

company morale, reduction of operating costs, establishment of a continual improvement 

process, change in company culture towards quality improvement, and improvement of 

business performance [311-314]. However, there are several factors within an 

organisation that can lead to an unsuccessful implementation of TQM. For example, if an 

organisation experiences low levels of trust or social cohesion, a TQM program could be 

doomed from the beginning [315]. Moreover, TQM is a complex long-term approach that 

requires availability of human and monetary resources, which can hinder its 

implementation and success [316]. Furthermore, it is argued that TQM can be too 

complex for small organisations due to their lack of non-specialist job functions, systems 

for customer feedback and quality costs, and defined company structures [317]. 
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2.8.2 Six Sigma 

Six Sigma is a systematic statistically driven approach that aims to eliminate defects in 

business processes and systems in order to improve business performance and enhance 

customer satisfaction [318]. A successful implementation of Six Sigma requires top-down 

management leadership and commitment towards quality improvement [319]. This 

includes having a group of employees who are properly trained in Six Sigma and can 

provide the necessary technical support and knowledge [320]. 

The main tools used in Six Sigma are design of experiments (DOE), failure mode and 

effects analysis (FMEA), and capability analysis. The latter requires the use of the sigma 

quality metric to measure the performance of a process based on the percentage of 

defective products and scrap [321, 322]. This is done to identify the capability of a process 

to produce defect-free products [323], thus allowing the comparison of the performance 

of different processes irrespective of their nature [324]. The term sigma (σ) refers to the 

number of standard deviations from the mean, where the products of a process with a 

normal distribution curve fall within specification limits [325]. However, Six Sigma 

assumes that for long-term performance, the process mean has a 1.5 sigma distribution 

shift in either specification limit [326]. Taking this into consideration, a process with a 

6σ level means that 3.4 defects are produced per million opportunities (DPMO) giving a 

yield of 99.99966%. Most companies have a sigma quality level between 2σ and 3.3σ 

(yield of 93.319%) [322, 326-329]. World-class companies usually operate between 4σ 

and 5σ [330, 331], having between 6,000 and 230 DPMO respectively. 

Six Sigma can be implemented in small, medium, and large organisations. There are a 

variety of medical companies that have successfully implemented Six Sigma, such as 

General Electric Healthcare, Cochlear Implant Products and Services, Boston Scientific, 

Bausch & Lomb, and others [330]. Some of the advantages of Six Sigma are reduced 

numbers of production errors and defects, increased product reliability, improved 

customer satisfaction, and reduced costs. Moreover, Six Sigma has a better track record 

than TQM [318]. However, there are several arguments against Six Sigma. First, Six 

Sigma does not integrate quality into the product design process [332]. Second, historical 

production data are required in order to apply Six Sigma’s statistical tools [318]. Third, 

the Six Sigma method offers only a small number of tools for the prioritisation of projects 

[318]. Moreover, it is argued that the sigma metric does not reflect the real level of 

customer satisfaction [305]. Some authors also argue that the high cost of Six Sigma 



Chapter 2 

47 | P a g e

training is a barrier for many organisations [333]. Another disadvantage is the time 

required to implement the system and see its results [334]. Similarly, the necessary high 

start-up costs institutionalise Six Sigma into a corporate culture and can hinder its 

implementation in small and medium-sized companies [305, 318].  

2.8.3 Quality by Design 

The concept of QbD was first created and published in 1985 by Dr. Joseph Juran to build 

quality during the development of products and services [335]. Juran’s ideas were later 

adopted by the US Food and Drug Administration (FDA), and the International 

Conference on Harmonisation (ICH), in order to create a flexible regulatory framework 

to optimize the product development and manufacturing processes, and to enhance quality 

[39]. QbD focuses on acquiring process control through a deep understanding of products 

and processes using science, engineering and quality risk management [38] to facilitate 

innovation and continuous improvement, in order to achieve the company goals [336, 

337]. With the QbD system the product is carefully designed, with consideration provided 

to all aspects of its life cycle. Thus, the product is designed correctly from the beginning 

[338].  

QbD philosophy is focussed on building quality into the product development process 

[339], with the main activities performed concurrently using multidisciplinary efforts, 

thereby providing immediate feedback [338]. This framework includes the ICH 

harmonised tripartite guidelines (ICH), incorporating guidelines ICHQ8(R2), ICHQ9, 

and ICHQ10 [47, 336, 337, 340]. The QbD system comprises of eight steps that should 

be followed in a systematic feedback forward loop to achieve its benefits and allow for 

continuous improvement. These eight steps are: (1) Quality target product profile 

(QTPP), (2) critical quality attributes (CQA), (3) process flow diagram (PFD), (4) critical 

process parameters (CPP) and material attributes (CMA), (5) risk assessment (RA), (6) 

design space (DS), (7) design and implement a control strategy (DICS), and (8) 

development of strategies for product lifecycle management and continuous improvement 

(PLMCI). There are a variety of risk assessment tools used by the QbD, such as the 

Ishiyama diagram, risk breakdown structure (RBS), risk priority number (RPN), Pareto 

chart, and failure mode and affects analysis (FMEA) [341]. QbD also encourage the use 

of Design of Experiments (DOE) to efficiently identify the most important process 

parameters and material attributes, and optimise the design space boundaries to comply 

with the desired quality characteristics [342]. Moreover, process analytical technology 
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(PAT) is part of the QbD control strategy to ensure that processes remain within the 

established design space [343].   

According to Savic, Marinkovic [342] The use of DOE at the early stages of product 

development yields the following benefits: manufacturing process improvements, within 

an approved design space; decrease in the number of variations after marketing 

authorization certification; risk-based decision-making process; timely quality control 

and reduced testing of finished product. As a result, QbD accelerates research timelines 

and reduces development costs through early detection of errors, and by avoiding trial-

and-error studies [338, 339, 344]. For example, a systematic implementation of the QbD 

system can lead to a reduction of experimental runs by up to 90% [34]. This allows to 

have wider ranges and limits based on product and process understanding [40]. As a 

result, the implementation of QbD can help to reduce the regulatory burden that forces 

many product engineers to purposely design their products to fit within existing approved 

thresholds in order to avoid seeking further time consuming approvals for minor 

variations [40].  

Nevertheless, some of the disadvantages and barriers to implement the QbD system 

includes the lack of commitment and concrete guidance for industry, and inability to 

access to the necessary technology [40]. Moreover, the novelty of the QbD in the 

pharmaceutical sector may lead to potential misalignment with the international 

regulatory bodies [40]. Furthermore, the strong interdisciplinary collaboration and 

strategy required by the QbD can hinders it implementation [345]. According to Torres 

[345] training and consultation provided by the FDA can help industry managers to

implement the QbD system. Further, it has to be noted that QbD is mandatory for 

pharmaceutical development. For instance, FDA’s reviewers are instructed to ensure that 

new applications comply with the QbD elements [346]. Additionally, there are also 

challenges on how to adapt the QbD system to different products [345]. 

A summary of the advantages, disadvantages, and barriers of TQM, Six Sigma, and QbD 

is provided in table 2.8. 
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Table 2.8. Summary of advantages and disadvantage of TQM, Six Sigma, and 

QbD. 

Quality System Advantages Disadvantages/barriers 

TQM 

Umbrella management approach. 

Aims towards improvement of business 
performance. 

Focus on continuous improvement. 

Aims towards fulfilment of customer 
satisfaction. 

Provides high level of employees’ 
satisfaction. 

Creates a quality culture inside the 
organization. 

Can be integrated at all company levels. 

Requires a top down leadership and 
management involvement. 

TQM is a complex and long-term 
approach. 

High cost of training. 

Long term to see results. 

High start-up cost. 

Difficult to implement in small 
organizations. 

Six Sigma 

Aims towards improvement of business 
performance. 

Focus on continuous improvement. 

Use of robust statistical techniques. 

Reduction of production errors and 
defects 

Increases product reliability. 

Reduction of manufacturing costs. 

Already proven by top companies. 

Can be integrated with other quality 
management systems. 

Measurable results. 

Does not integrate quality into the 
product design. 

Requires production historical data. 

Does not reflect customer satisfaction. 

High cost of training. 

Long term to see results. 

High start-up cost. 

QbD 

Compliant with the FDA regulations. 

Mandatory by the FDA for 
pharmaceutical development. 

Provides an in-depth understanding of 
the product. 

Focus on product continuous 
improvement. 

Use of robust statistical techniques. 

Avoids trial-and-error studies. 

Reduced number of tests. 

Reduction of development costs and 
time. 

The product is designed correctly from 
the beginning. 

Can be integrated with other quality 
management systems. 

Measurable results. 

Lack of guidance for industry. 

Requires expensive technology. 

Requires interdisciplinary 
collaboration. 

Focuses only on the product 
development cycle. 



Chapter 3 

50 | P a g e

CHAPTER 3 

RESEARCH DESIGN AND METHODS 

The overarching goal of this research was to develop a systematic product development 

management system for the AM of patient-specific implants, that integrates various 

technologies to achieve high quality products, and to accelerate research timelines and 

reduce development costs. A general adaptation of the QbD system was developed for 

the AM of patient-specific bone implants and scaffolds and an in-depth adaptation was 

developed for TNT/Ti surfaces for bone/dental implants. To achieve this goal required 

the identification and fulfilment of several objectives. Therefore, this chapter first 

describes the the overall approach applied in this research before outlining the research 

design and methodology undertaken to satisfy the objectives described in Chapter 1. The 

chapter initially provides a description of and rationale for the selected approach. The 

completion of the first objective is presented in Chapter 2, the completion of the second 

objective is outlined in Chapters 4, 5, and 6, and the completion of the third is provided 

in chapter 7. Each chapter contains a detailed methods section. 

3.1 Research Approach 

According to Leedy and Ormrod [347], the selected research approach should be based 

on the type of data needed to answer the research questions. The current study is relevant 

to engineering science, and engineering management research in the field of bone tissue 

engineering. The prevailing philosophical assertions are rooted in positivist and 

interpretivist approaches, which refer to quantitative and qualitative research methods 

respectively.  

To the author’s knowledge, no previous work has investigated, discussed and/or proposed 

an implementation of the QbD system for AM of patient-specific bone implants and 

scaffolds Consequently, this study involved a constructive research approach, which is 

typically used to find innovative solutions to practical problems in a heuristic manner, 

followed by testing of the solution afterwards [48]. According to Kasanen, Lukka [348], 

‘the solutions are commonly proposed using managerial problem-solving techniques 
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through the construction of models, diagrams, plans, and organizations’. This research 

approach is a deep-rooted goal-directed problem solving activity that applies the case 

method through a normative case study approach [48]. Finding a solution requires the 

researcher to become immerse in the contextual literature to allow an in-depth 

interpretation of the problems [48]. This leads the constructive approach to rely on mixed 

methods, including interpretive and positivist epistemologies and empiricism, which 

complement each other and provide a powerful means of project management research 

[48].  

According to Oyegoke [48], the constructive research approach comprises in six steps, 

which were included in this study as follow: 

• Step 1: The first step involves finding a relevant practical problem with strong

research potential. This study aimed to fill a gap in the knowledge by formulating

a QbD system for the AM of patient-specific bone implants and scaffolds.

• Step 2: This step focused understanding the topic, which was achieved by

completing a comprehensive literature review, followed by the systematic

development of the QbD system tailored for the AM of patient-specific bone

implants and scaffolds.

• Step 3: This step involves the innovation and design of a new construct, which

was achieved by design of a unique QbD system for AM of patient-specific bone

implants and scaffolds.

• Step 4: This step aimed at demonstrating the effectives of a new construct

(solution). The systematic and empirical implementation of the QbD system in the

AM of patient-specific bone implants and scaffolds provided a comprehensive

understanding of these products.

• Step 5: This step is focused on the theoretical connections and the research

contributions of the solution. The new novel QbD approach proposed in this study

was supported by various different datasets obtained from peer-reviewed papers,

and through interviews and surveys with different experts in the field. Moreover,

the reliability of this study was based on design and fabrication methodologies

that have been successfully in industry.

• Step 6: This step examines the scope of applicability of the solution. This study

focused on the general application of the QbD system, thereby providing a flexible
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that may be used for any type of patient-specific bone implants and scaffolds 

produced by AM. 

3.2 Research Methodology Overview 

The research approach is the overall strategy implemented for answering the research 

questions and is a vital part of any scientific study, regardless of the research area [349]. 

To achieve this, it is important to understand the philosophical underpinning of the 

research. Failure to consider philosophical issues, which lie t the heart of the research 

design, can seriously affect the quality of the study [350]. 

A research paradigm (philosophy) is a set of beliefs and agreements about how problems 

should be understood and addressed to guide the research process [349]. Awareness of 

such philosophical assumptions will increase the quality of research and can contribute 

to the researcher’s creativity. Moreover, it can elucidate the appropriate aspects of the 

research design in terms of the required evidence, interpretation and the limitations of the 

research approaches. [351].  

There are two kinds of research paradigms or philosophies—positivist and 

phenomenological. The positivism paradigm assumes that the researcher located in an 

independent and distant reality and is detached from the studied phenomenon, which is 

unaffected by the researcher’s observations [351]. Moreover, this paradigm assumes that 

only observable and measurable phenomena can be validly contribute to knowledge. In 

contrast, the phenomenological paradigm focuses on meaning instead of measurement. 

Consequently, the researcher is involved rather than being detached from the 

phenomenon under study, allowing the interpretation of the phenomenon based on his or 

her values and beliefs [351].  

With respect to the underpinning paradigmatic differences between positivist and 

interpretivist philosophical assumptions, the two broad approaches for the collection and 

analysis of data are qualitative and quantitative approaches [352]. The qualitative 

approach is typically used when there is limited information about the topic and aims to 

describe, explain and analyse a particular situation or phenomenon [347]. Qualitative 

research involves the analysis of subjective accounts to capture textual data from a few 

selected cases. In contrast, quantitative research is most appropriate for a study at 

predicting a specific variable behaviours and confirming and validating hypotheses 
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through the collection of numerical data [347]. This approach focuses on experiments, 

surveys, or other means of collecting quantitative data. Utilising quantitative methods for 

data analysis align with positivism because statistical methods are applied to a large 

number of observations, meaning that findings can be generalised to a larger population 

[353]. 

Each approach has its strengths and weaknesses. For example, while the quantitative 

approach is criticised for lacking depth and failing to consider context or give voice to 

participants, qualitative methods can be denounced for their smaller sample sizes, 

potential for researcher bias, and lack of generalisability. Therefore, a combination of 

quantitative and qualitative methods can be used to overcome these problems by drawing 

upon the strengths of both. This methodology is known as a mixed method design [347] 

which can provide a robust tool for investigating complex processes and systems [354]. 

This methodology, does not restrict how qualitative and quantitative methods are 

combined but relies on the researcher’s creativity and the research itself [347]. The 

integration of qualitative and quantitative data provides several advantages. For example, 

the qualitative data can be used to evaluate and validate the quantitative findings, while 

quantitative data can also be used to interpret the findings from the qualitative data or to 

assist in obtaining a qualitative sample [354].  

With respect to the sequence of data collection, there are six primary research designs 

categorised into three main groups exploratory sequential, explanatory sequential, and 

convergent designs (or concurrent design) [354]. An exploratory sequential design 

involves several phases of data collection. The initial phase consists of qualitative data 

collection and analysis, which is later used to direct the quantitative data collection [355]. 

The analyses of both types of data collection are integrated during the interpretation phase 

to explain or expand on the findings of each approach using the other [356]. The 

explanatory sequential designs comprise an initial quantitative phase followed by a 

qualitative phase.  The integration of both phases is performed during an interpretation 

phase in which findings from the qualitative study are used to explain and contextualise 

the results from the quantitative study [356]. In contrast to sequential designs, in 

convergent designs involve the simultaneous collection and analysis of quantitative and 

qualitative data, which are concurrently analysed during a similar timeframe or in parallel.  

This means that the collected data is concurrently analysed to drive changes in the data 

collection procedures [354].   
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This research incorporated two relevant advanced frameworks—multistage mixed 

method framework, and a case study framework (Fig 3.1). A multistage mixed method 

framework comprises several stages of data collection during which multiple 

combinations of exploratory sequential, explanatory sequential, and convergent 

approaches can be used [49]. This framework is mainly used in longitudinal studies aimed 

at evaluating a design, implementation or program [354]. In a case study framework, 

intensive and detailed qualitative, and quantitative data are collected to build a case. The 

specific characteristics of the case (e.g. feasibility issues) and the research question 

determine the type of data needed [354].  

Figure 3.1. An overview of the of the sequential multistage mix method design of 

this research. 

3.3 Research Design 

To advance knowledge in the discipline of engineering management, a research design 

that will provide reliable data, evidence and rational analysis to shape knowledge is 

needed [357]. The research design is crucial because it provides a template that directs 

the researcher during the process of collecting, analysing and interpreting the data to 

address the research questions. Moreover, an appropriate research design can help to 

avoid the collection of evidence that does not address the research questions [358]. 

Therefore, a sequential multistage mixed method design approach was chosen. This 

decision was based on the nature of the data collection methods needed for the 

implementation of the QbD approach for the AM of patient-specific bone implants and 

scaffolds. 

The multistage research method consisted of five phases (Fig, 3.2) aligned with the main 

objectives of this research. Phase 1 comprised the necessary steps to obtain in-depth 

knowledge of the design and fabrication of patient-specific bone implants and scaffolds 

produced by AM and to select the most appropriate research methodology in relation to 
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the main objectives of this research. Phases 2, 3 and 4 were aimed at developing a general 

adaptation of the QbD system for patient-specific bone implants and scaffolds. 

Specifically, Phase 2 focused on Steps 1–5.3, Phase 3 on Steps 5.4–5.7 and Phase 4 on 

the final two steps (7 and 8) of the QbD system. Because of the limitations of this study, 

the sixth step of the QbD system was purposely omitted from this research. Finally, Phase 

5 aimed for an in-depth adaptation of the QbD system (Steps 1–2) for nano-engineered 

TNT/Ti surfaces for therapeutic bone/dental implants.  

3.4 Phase 1: Knowledge Acquisition 

3.4.1 Objective 1.1: Understand bone biology concepts, current AM technologies 

and materials for patient-specific implants 

The primary objective of this research phase was to acquire an in-depth understanding of 

bone biology and the current technologies and processes involved in the design and 

fabrication of patient-specific bone implants produced by AM. 

In light of the study objectives presented in Chapter 1, a comprehensive literature review 

of peer-reviewed papers was conducted to accumulate knowledge and determine the gaps 

in the current field of research, including the identification of technologies that can be 

used to assist the development, design and fabrication of patient-specific bone implants 

produced by AM. The topics investigated were: 

• Bone structure and biology

• Biocompatible materials for bone implants

• AM in the biomedical field

• Engineering management systems.

Chapter 2 discusses in detail the explored topics of the literature review. The knowledge 

obtained from this literature review provided a comprehensive understanding of these 

fields as well as the identification of current gaps in the field.
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Figure 3.2. Detailed workflow describing the sequential multi-stage mix method design of this research.
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3.4.2 Objective 1.2: Identify the main applications and benefits the QbD system as 

described in previous research studies. 

Following the comprehensive review of the existing literature, a qualitative systematic 

literature search in the Science Direct and Google Scholar databases was performed using 

the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 

statement [359]. The systematic literature search focused on the identification of the main 

outcomes and benefits of QbD found in other research studies. Thirty articles in total were 

thoroughly reviewed and analysed to extract the following information: application of 

QbD, implemented steps of QbD, QbD tools used and key outputs/conclusions. 

Additionally, the articles’ objectives/key outputs were classified into four distinct 

categories: process understanding (PU), prediction and optimisation (PO), reduction of 

experimental runs (RER) and development of robust manufacturing methods (DRM). A 

comprehensive description of the qualitative systematic search is provided in Chapter 4. 

Table 3.1. Overview of research Phase 1. 

Phase 1

Research Approach Exploratory Qualitative 

Objectives 

O1.1: Understand bone biology concepts, current AM technologies, and 
materials for patient-specific implants. 

O1.2: Identify the main applications and benefits the QbD system as described 
in previous research studies. 

Procedures 
• Compilation of knowledge

• Literature review

• Systematic literature review

Research Outputs 

• Comprehensive literature review

• Gaps in body of knowledge

• Research questions

• Research structure
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3.5 Phase 2: Adaptation of the QbD system for AM patient-

specific bone implants and scaffolds, steps 1-5.3 

3.5.1 Objective 2.1: Develop Steps 1–5.3 of the QbD system for AM of patient-specific 

bone implants and scaffolds. 

Objective 2.1 aimed to adapt the first steps (1–5.3) of the QbD system for AM of patient-

specific bone implants with respect to the FDA’s ICH Harmonised Tripartite Guideline: 

Pharmaceutical Development Q8(R2) [47]. For this purpose, extensive systematic 

literature searches were performed in the Science Direct and Google Scholar databases 

following the PRISMA statement [359]. The first systematic search was aimed at 

identifying (1) the ideal requirements for the design and fabrication of patient-specific 

bone implants produced by AM; (2) the critical quality attributes (CQA) of patient-

specific bone implants produced by AM and (3) the key activities and processes necessary 

for the design and fabrication of patient-specific bone implants produced by AM. The 

second systematic search aimed to identify the risks associated with the design and 

fabrication of patient-specific bone implants produced by AM. The classification topics 

included the properties and requirements of porous scaffolds, medical images, 

biomaterials and surface treatments, study cases, 3D printing methods, 3D printing 

fabrication errors, design approaches and performance simulation (FEA and joint 

kinematics simulation). 

A total of 174 studies were qualitatively analysed to tailor Steps 1 and 2 of the QbD 

system for TNT implants. The adaptation of the QbD system for the AM of patient-

specific bone implants was achieved through identification of the CQA, the development 

of a comprehensive design and fabrication process flow diagram and identification of the 

categorised risks associated with the design and fabrication processes of these products. 

A comprehensive description of the procedure for conducting the systematic literature 

search is provided in Chapter 4. 

3.5.2 Objective 2.3: Validate Steps 1–5.3 of the QbD approach for the early-stage 

design of patient-specific bone implants produced by AM. 

To validate the results of the adaptation of QbD for patient-specific bone implants 

produced by AM, semi-structured interviews were designed to capture the experiences 

and opinions of researchers, industry experts and practitioners with previous experience 
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in at least one of the main processes necessary for the design and fabrication of custom 

3D-printed bone implants. Semi-structured interviews were conducted using the 

consolidated criteria for reporting qualitative research (COREQ) approach [360]. A 26-

item questionnaire was designed, and six interviews in total were conducted in Australia 

and the US. The participants comprised a mix of researchers, industry experts and medical 

practitioners from different fields related to medical device development, 3D-printed 

bone implants, motion capture, tissue engineering, orthopaedic surgery, bone 

biomechanics, computational neuromuscular modelling and nano-engineered implants. A 

detailed description of the semi-structured interviews is provided in Chapter 4. 

Table 3.2. Overview of research Phase 2. 

Phase 2 

Research Approach Qualitative 

Research Questions 

RQ1: What are the ideal characteristics of patient-specific bone 
implants/scaffolds produced by AM? 

RQ2: What are the critical attributes of patient-specific bone 
implants/scaffolds produced by AM? 

RQ3: What are the key activities and processes in the design and fabrication 
of patient-specific bone implants/scaffolds produced by AM? 

RQ4: What risks are associated with the design and fabrication of patient-
specific bone implants/scaffolds produced by AM? 

Objectives 

O2.1: Develop Steps 1–5.3 of the QbD system for AM of patient-specific bone 
implants and scaffolds. 

O2.2: Validate Steps 1–5.3 of the QbD system for the early-stage design of 
patient-specific bone implants and scaffolds produced by AM. 

Procedures 
• Literature systematic search

• Semi-structured interviews

Research Outputs 

• Ideal Quality Target Product Profile (QTPP)

• Critical Quality Attributes (CQA)

• Comprehensive Workflow Process Map

• Ishikawa diagram of the causes and effects of quality non-conformity

• Risk Breakdown Structure of the causes and effects of quality non-
conformity

• Journal article publication 1
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3.6 Phase 3: Adaptation of the QbD system for AM patient-

specific bone implants and scaffolds, steps 5.4-5.7 

3.6.1 Objective 2.3: Develop Steps 5.4–5.7 of the QbD system for AM of patient-

specific bone implants and scaffolds with a 3D risk management approach from an 

industry perspective. 

This objective aimed to develop Steps 5.4–5.7 of the QbD system for the AM of patient-

specific bone implants and scaffolds. For this purpose, an exploratory investigation based 

on FMECA was conducted using a 3D risk management approach following the ICH Q9 

[340] and the American National Standard ISO 14971 [361]. Conducting a risk

assessment study requires the collection of primary data in the form of expert judgements 

from key individuals such as managers, workers and technical staff [362]. Therefore, to 

achieve this objective, face-to-face interviews were combined with the Delphi method 

[363, 364] to perform a risk assessment questionnaire following COREQ [360]. A total 

of 13 face-to-face interviews were performed with pertinent experts in AM, quality 

control, patient-specific implant design, motion capture, computational neuromuscular 

modelling, nano-engineered implants and medical image processing. The one-to-one 

interviews were performed at three companies dedicated to the AM design and fabrication 

of patient-specific implants and three universities located in USA, Australia and Europe. 

From the semi-structured interviews, 137 FMs categorised into 17 groups were evaluated. 

The novel risk evaluation procedure identified 13 critical FMs in six critical risk groups. 

Based on the literature and expert opinion, pertinent preventive and corrective actions to 

mitigate the effects of the most critical FMs and control the quality of the most critical 

processes in the design and fabrication workflow of medical products were proposed. The 

outcome of this phase was a 3D risk priority matrix designed to facilitate the visualisation 

of critical risks, providing a more accurate graphical representation of the three different 

factors used for risk rating and facilitating the presentation of risk assessment analysis to 

different stakeholders. Details of the employed methods and risk assessment are provided 

in Chapter 5. 
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Table 3.3. Overview of research Phase 3. 

Phase 3 

Research Approach Semi-Qualitative 

Research Questions 
RQ5: What are the most critical risks associated with the design and 
fabrication of patient-specific bone implants/scaffolds produced by AM and 
the corresponding preventive and corrective actions to mitigate these risks? 

Objectives 
O2.3: Develop Steps 5.4–5.7 of the QbD system for AM of patient-specific 
bone implants and scaffolds with a 3D risk management approach from an 
industry perspective. 

Procedures 
• Semi-structured interviews

• Semi-structured questionnaire

Research Outputs 

• Development of a 3D risk priority matrix

• Identification of the most critical risk areas

• Identification of the most critical risks

• Failure mode, effects and critical analysis (FMEA)

• Journal article publication 2

3.7 Phase 4: Adaptation of the QbD system for AM patient-

specific bone implants and scaffolds, steps 7 and 8 

3.7.1 Objective 2.4: Develop Steps 7 and 8 of the QbD system for the AM of patient-

specific bone implants and scaffolds from an industry perspective. 

This objective focused on Steps 7 and 8 of the QbD system, which consisted of the 

development of quality control and continual improvement strategies in the AM of 

patient-specific bone implants and scaffolds from an industry perspective. To develop the 

clearest possible picture of a contemporary phenomenon in its real-life context, it is vital 

to perform an in-depth examination in the form of a case study, which required gathering 

primary data from various organisations [365, 366]. Moreover, when information on a 

topic is limited, a qualitative approach that captures textual data from a few selected cases 

is more suitable [347]. Therefore, face-to-face interviews were selected as the main data 

collection method for this objective. To perform the interviews, a semi-structured guide 

and PowerPoint presentation were designed following COREQ [360]. The interview 

guide was created by constructing a set of 28 open-ended questions to guide the direction 

of the conversation. Additionally, a protocol comprising 11 steps was developed to 

perform the semi-structured interviews. The interviews were aimed at achieving six main 

objectives: (1) acquiring the background of the interviewed expert and the company; (2) 

obtaining historic documentation of production and quality issues; (3) identifying the 
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workflow process of the design and fabrication processes of patient-specific implants; (4) 

identifying quality issues and percentages of rework and scrap; (5) identifying 

technologies and methodologies used for quality control and assurance and (6) identifying 

communication and interaction methods between companies and clients (surgeons). 

A total of three companies participated in this phase of the study. Nine face-to-face 

interviews were performed on a one-to-one basis with relevant experts in AM, quality 

control and implant design at the headquarters of each company. In achieving this 

objective, an innovative quality control workflow composed of 18 gates was developed. 

For this purpose, the FDA’s Technical Considerations for Additive Manufactured 

Medical Devices [294] was followed in conjunction with current American Standard Test 

Method (ASTM) for AM. This quality control workflow was based on the best practices 

of the studied companies, FDA guidelines for AM medical devices, ASTM standards and 

our previous work. The outcome was a quality control workflow comprising 18 gates that 

combined the best proven quality control practices from three companies manufacturing 

patient-specific implants. Moreover, a detailed description with the relevant ASTM 

standards for each quality control gate was provided in a comprehensive practitioner 

companion guide. Details of the employed research methodologies and analysis are 

provided in Chapter 6. 

Table 3.4. Overview of research Phase 4. 

Phase 4 

Research Approach Qualitative 

Research Questions 
RQ6: What procedures, technologies and strategies can be used to improve 
current quality issues during the design and fabrication of patient-specific 
bone implants/scaffolds produced by AM? 

Objectives 
O2.4: Develop Steps 7 and 8 of the QbD system for AM of patient-specific 
bone implants and scaffolds from an industry perspective. 

Procedures 

• Visits to industry

• Semi-structured interviews

• Semi- structured questionnaire

Research Outputs 

• An integrated quality control flow diagram containing 18 gates

• A practitioner quality control companion guide containing detailed
quality control strategies for the design and fabrication of patient-
specific implants from and industry perspective

• Journal article publication 3
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3.8 Phase 5: In-depth adaptation of the QbD system for TNTs-

Ti surfaces for bone/dental implants, steps 1 and 2 

3.8.1 Objective 3.1: Develop Steps 1 and 2 of the QbD system for TNT/Ti surfaces 

for bone/dental implants. 

The purpose of this phase was to develop an in-depth adaptation of Steps 1 and 2 of the 

QbD system for the fabrication of TNT/Ti modified therapeutic bone/dental implants. 

The FDA’s ICH Harmonised Tripartite Guideline: Pharmaceutical Development Q8(R2) 

[47] was employed along with existing quality engineering management tools. A solution 

for the first two steps of the QbD system was sought by applying two engineering 

management problem-solving techniques, namely quality function deployment (QFD) 

and a House of Quality (HoQ) matrix. A systematic literature search was integrated with 

a web-based questionnaire to develop the adaptation of the QbD system. The systematic 

search followed the PRISMA statement [359] and was conducted using the Google 

Scholar and Elsevier databases. The main goal of the systematic search was to identify 

the CQA of TNT/Ti implants for optimum outcomes. A structured web-based 

questionnaire composed of two main sections was designed based on the HoQ matrix. 

The first main section of the questionnaire focused on rating the CQA (biological, 

physicochemical and mechanical) of TNT-based Ti bone/dental implants, while the 

second was focused on identifying the relationship between TNT characteristics and 

CQA. 

The systematic search identified a total of 176 studies, which were qualitatively analysed 

to tailor Steps 1 and 2 of the QbD system for TNT implants. A total of 39 researchers and 

medical practitioners participated in the study. The participant pool included post-

doctoral researchers, professors and medical practitioners with experience in various 

fields, including biomaterials, tissue engineering, nano-engineered Ti implants, dental 

implantology, hard/soft tissue regeneration, wound healing, osteoimmunity, peri-

implantitis, oral and maxillofacial surgery, bone interfacing implants and orthopaedic 

surgery. Moreover, the survey covered participants located in North America, South 

America, Europe, Asia and Oceania. By integrating the data from both an extensive 

systematic literature review and a subsequent web-based questionnaire, it was possible to 

identify the various TNT characteristics as well as their fuzzy-level contributions to the 

biological, physicochemical and mechanical performance of implants under the QbD 
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system with a fuzzy approach. Details of the employed research methodologies and 

analysis are provided in Chapter 7. 

Table 3.5. Overview of research Phase 5. 

Phase 5 

Research Approach Semi-quantitative 

Research Questions 

RQ7: What are the ideal nano-characteristics of titanium (Ti) surfaces for 
orthopaedic/dental applications? 

RQ8: What are the critical characteristics of TNT surfaces for 
orthopaedic/dental applications? 

RQ9: What is the level of contribution of each TNT characteristic to the 
overall implant performance? 

Objectives 
O3.1: Develop Steps 1 and 2 of the QbD system for TNT/Ti surfaces for 
bone/dental implants. 

Procedures 
• Systematic literature search

• Structured web-based questionnaire

Research Outputs 

• Ideal Quality Target Product Profile (QTPP)

• Critical Quality Attributes (CQAs)

• The level of importance of the CQAs

• Level of contribution of each TNT characteristic to the overall implant
performance Journal article publication 4
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Application of quality by design for 3D printed bone prostheses 

and scaffolds 

Abstract: 3D printing is an emergent manufacturing technology recently being applied in 

the medical field for the development of custom bone prostheses and scaffolds. However, 

successful industry transformation to this new design and manufacturing approach 

requires technology integration, concurrent multi-disciplinary collaboration, and a robust 

quality management framework. This latter change enabler is the focus of this study. 

While a number of comprehensive quality frameworks have been developed in recent 

decades to ensure that the manufacturing of medical devices produces reliable products, 

they are centred on the traditional context of standardised manufacturing techniques. The 

advent of 3D printing technologies and the prospects for mass customisation provides 

significant market opportunities, but also presents a serious challenge to regulatory bodies 

tasked with managing and assuring product quality and safety.  Before 3D printing bone 

prostheses and scaffolds can gain traction, industry stakeholders, such as regulators, 

clients, medical practitioners, insurers, lawyers, and manufacturers, would all require a 

high degree of confidence that customised manufacturing can achieve the same quality 

outcomes as standardised manufacturing. A Quality by Design (QbD) approach to custom 

3D printed prostheses can help to ensure that products are designed and manufactured 

correctly from the beginning without errors. This paper reports on the adaptation of the 

QbD approach for the development process of 3D printed custom bone prosthesis and 

scaffolds. This was achieved through the identification of the Critical Quality Attributes 

of such products, and an extensive review of different design and fabrication methods for 

3D printed bone prostheses. Research outcomes include the development of a 

comprehensive design and fabrication process flow diagram, and categorised risks 

associated with the design and fabrication processes of such products. An extensive 

systematic literature review and post-hoc evaluation survey with experts was completed 

to evaluate the likely effectiveness of the herein suggested QbD framework. 
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4.1 Introduction 

4.1.1 Current Paradigm Shift 

An aging population exacerbating the current rate of bone related health complaints 

combined with increasing client expectations from bone surgical procedures will drive 

the push for implementing new technologies for innovative bone prosthesis and scaffolds. 

For biomedical companies to be competitive in the market, it is imperative for them to 

focus on continuous product development, and the customised needs of their customers. 

Custom products satisfy the specific individual needs for each patient [367], but is 

excessively expensive using traditional manufacturing methods [216]. However, the 

recent advent of additive manufacturing (AM) technologies also known as 3D printing is 

providing a new path for the design and manufacture of custom medical devices.  

4.1.2 Additive Manufacturing 

AM is an emerging manufacturing technology capable of fabricating complex shapes and 

manipulating material properties that are impossible with traditional manufacturing 

methods. This technology is supported by CAD software to build 3D physical models 

from a series of cross sections that are automatically joined together to create the final 

shape [142]. The best known AM methods in the biomedical field are stereolithography, 

selective laser sintering, Inkjet 3D printing, electron beam melting, polyjet photopolymer 

and fused deposition [148, 149]. There are a variety of materials that can be used by these 

AM methods such as plastics, ceramics, metals and living cells [142, 155].  These 

materials are used by AM in the form of powders, filaments, and liquids [145]. 

3D printing is rapidly growing in popularity in the biomedical field for the development 

and design of customized bone prostheses and scaffolds [2, 11-13]. To achieve accurate 

and safe bone solutions, 3D printing manufacturing needs to be integrated with other 

technologies such as digital medical imaging, material science, CAD, Finite element 

analysis (FEA), nano surface modification, motion capture, virtual surgical planning, and 

also with concurrent collaboration of experts from different fields [24]. 

Custom 3D printed bone prostheses and scaffolds have to overcome several barriers 

before being released to the market. Some of these barriers are that medical devices are 

strictly regulated by organizations such as FDA (USA), EMA (European Union), and 

TGA (Australia), in order to ensure their compliance to medical specifications and 
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consistency in manufacturing practices. Moreover, current standardization methods 

applied to traditional manufacturing methods are not suitable for 3D printing technology 

[30]. As a result, there is a lack of standardization and defined quality control processes 

[368]. Furthermore, additive manufacturing incorporates new technologies in the 

biomedical field, and the design and fabrication of custom bone implants requires many 

steps that might lead to imperceptible errors, affecting the performance and consequently, 

patient safety. Successful industry transformation to this new design and manufacturing 

approach requires technology integration, concurrent multi-disciplinary collaboration, 

and a robust quality management framework. 

4.1.3 Product Development: Avoid the ‘Valley of Death’ 

Product development involves numerous changes, iterations, and evaluations to achieve 

final product concept and design [369]. Early stage design can comprise 70% of the total 

product life cycle and influence between 70% and 85% of the total product cost [370]. 

For medical devices, higher development costs reflect inherent complexity and risks plus 

the clinical testing required by medical regulatory organizations [266, 371]. Tissue 

engineering ventures are susceptible to insolvency from a “Valley of Death” funding gap, 

due to costly pre-clinical and clinical studies for safety assessment before clinical 

approval [35]. Consequently, despite large investment, only a relatively small percentage 

of new tissue engineering research achieves clinical application and market release [35]. 

In order to help to close this gap, research studies should focus on technologies and 

processes that have the potential to be scalable, and designed for a particular clinical 

application that can achieve regulatory approval, gain surgeons acceptance and guarantee 

insurance coverage [372]. However, during the early stages of product development, the 

chances of a risk event are most likely to occur [373]. Therefore, efforts and resources to 

reduce and control product development risks should be expended at the early 

development stages, where the cost of a risk impact is less than if it takes place in other 

phases of the product life cycle [373]. Moreover, new developments should be 

systematically designed, manufactured and tested [132], fostering rational design 

approaches and avoiding trial-and-error studies [374] to also accelerate research timelines 

and reduce development costs [344]. Additionally, product success is directly influenced 

by its predevelopment activities such as preliminary market assessment and technical 

analysis [375]. 
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4.1.4 Quality by Design for 3d Printed Bone Implants 

The concept of QbD was first created and published in 1985 by Dr. Joseph Juran to build 

quality during the development of products and services [335]. Juran’s ideas were later 

adopted by the US Food and Drug Administration (FDA), and the International 

Conference on Harmonisation (ICH), in order to create a flexible regulatory framework 

to improve pharmaceutical manufacturing processes and enhance pharmaceutical product 

quality [39]. This framework includes the ICH harmonised tripartite guidelines (ICH), 

incorporating guidelines ICHQ8(R2), ICHQ9, and ICHQ10. The QbD approach is 

composed of eight main steps that follow in a systematic way they can provide a deep 

understanding of the product and its manufacturing process, including the identification 

and control of all variables to ensure desired quality. These eight steps are: (1) Quality 

target product profile (QTPP), (2) critical quality attributes (CQA), (3) process flow 

diagram (PFD), (4) critical process parameters (CPP) and material attributes (CMA), (5) 

risk assessment (RA), (6) design space (DS), (7) design and implement a control strategy 

(DICS), and (8) development of strategies for product lifecycle management and 

continuous improvement (PLMCI). 

Quality by design (QbD) is an approach where the product is carefully designed, with 

consideration provided to all aspects of its life cycle. Thus, the product is designed 

correctly from the beginning [338]. QbD is a tool that uses science and quality risk 

management to acquire a deep understanding of products and processes and eventually 

process control [38]. QbD philosophy is focussed on building quality into the product 

development process [339], with the main activities performed concurrently using 

multidisciplinary efforts, thereby providing immediate feedback [338]. Moreover, waste, 

time and cost can be reduced through early detection of errors and mistakes during the 

design and fabrication processes of 3D printed products [246]. Furthermore, the 

implementation of QbD can help to reduce the regulatory burden that forces many product 

engineers to purposely design their products to fit within existing approved thresholds in 

order to avoid seeking further time consuming approvals for minor variations [40]. 

4.2 Purpose and Objectives 

QbD encourages process and product understanding to support innovation and efficiency 

in product development. Moreover, the application of a QbD approach helps to meet FDA 

regulatory requirements [40].  The benefits of QbD can be translated into an acceleration 
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of product development, and a reduction of costs and waste. Therefore, the purpose of 

this study is to adapt the QbD approach to early stage design of custom 3D printed bone 

implants considering the ICHQ8(R2) guidelines [47] and existing quality risk 

management tools. Hence, the current study sought to achieve the following three main 

objectives: 

O1. Identify the main applications and benefits of a QbD approach as described in 

previous research studies. 

O2. Develop a comprehensive design and fabrication process flow diagram of custom 

3D printed bone implants. 

O3. Identify and categorise the risks associated with the design and fabrication 

processes of such products to facilitate further risk assessment analysis. 

O4. Develop and validate an adaptation of the QbD approach to early stage design 

for custom 3D printed bone implants. 

4.3 Scope 

Fig 4.1 illustrates the focus of this current study within the overall systematic eight step 

QbD approach for the development of process and product design. Specifically, the scope 

of this present study is limited to: 

• A statistical analysis of 30 peer reviewed journal papers to identify the main

reasons why QbD had been used in different health related research fields,

including their main outcomes and benefits.

• The implementation of the first five steps (i.e. Steps 1-5) of the QbD framework

for the early design stages of custom 3D printed bone implants.

• A general QbD approach is specified for each element within each of the five

steps; detailed specifications for different bone implant topologies are outside the

scope of the present study.

• The Risk Assessment step (i.e. Step 5) is limited to the identification and

categorisation of risks associated with the quality of such products during their

design and fabrication.
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Figure 4.1. QbD systematic product and process design development flow chart 

showing principal steps. Adapted from [39, 376] 

4.4 Materials and Methods 

This is a qualitative exploratory research study that is focused on the adaption of the QbD 

approach to custom 3D printed bone implants. To the authors’ knowledge, no previous 

work has investigated, discussed and/or proposed implementation of the QbD approach 

to 3D printed bone implants. We propose a constructive research approach to produce 

innovative solutions to practical problems in a heuristic manner, followed by validating 

the solution afterwards [48]. The solutions are commonly proposed using managerial 

problem-solving techniques through the construction of models, diagrams, plans, and 

organizations [348]. The recommended solutions require the researchers to immerse 

themselves in the contextual literature to allow an in-depth interpretation and synthesis 

of the problems [48].  

According to Oyegoke [48], the constructive research approach comprises six phases 

which are covered in this study in the following manner: 

• Phase one: Involves finding a relevant practical problem that has strong research

potential. This study aimed to fill a gap in knowledge by formulating a QbD for

the development of custom 3D printed bone implants.

• Phase two: Focuses on creating topic understanding, which was achieved by

completing a comprehensive literature review, followed by a systematic

development of a specific QbD system tailored for custom 3D printed bone

implants.
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• Phase three: Involve innovating and designing a new construct and was achieved

through the design of a unique QbD system for the development of custom 3D

printed bone implants. The authors are not aware of previous reported work that

has investigated, discussed, and proposed a QbD system for custom 3D printed

bone implants.

• Phase four: This phase should demonstrate that the new construct (solution)

works. This research will demonstrate that a systematic implementation of the

QbD system for 3D printed bone implants can provide a more comprehensive

understanding of the design and manufacturing processes of relevant products

through providing a detailed workflow map of these processes. This workflow

map will lead to a more accurate identification of the risk sources and its potential

effects on product quality, through the development of a Risk Breakdown

Structure.

• Phase five: Focuses on the theoretical connections and the research contribution

of the solution concept. The new novel QbD approach proposed in this study is

supported by various different datasets obtained from peer-reviewed papers.

Moreover, the reliability of this study is based on design and fabrication

methodologies, and lessons learned that have been used successfully in different

studies for the development of 3D printed bone implants.

• Phase six: Semi-structured interviews were completed in order to solicit opinions

from pertinent experts on the applications and benefits of QbD for 3D printed

prostheses and scaffolds.

4.5 Data Collection 

Three systematic searches were conducted based on objectives 1, 2, and 3 and according 

to the Prisma statement [359]. The first systematic search was performed in Science 

Direct on 2nd August 2017. Search term was related to studies implementing the concept 

of Quality by Design based on objective 1. The search related term was: “quality by 

design”. 
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The second and third systematic search were based on the objectives 2 and 3 defined 

above. Searches of Science Direct and Google Scholar databases was conducted on 10th 

November 2016. Search terms were related to AM of bone implants and the risks 

associated to product quality during their design and fabrication.  

The terms related to objective 2 were:  Additive manufacturing; 3D printing; rapid 

prototyping; reverse engineering; tissue engineering; and biomimetic. These terms were 

connected to independent keywords using Boolean operators (AND, OR) in order to 

narrow down search. The connected independent keywords were: scaffold(s); 

custom(ized, ised); patient specific; implant(s); prosthes(is, es); design; and lattice. 

The full search phrase used for objective 2 was: 

("Additive manufacturing" OR "3d printing" OR "rapid prototyping" OR "reverse 

engineering" OR "tissue engineering" OR "biomimetic") AND (scaffold* OR custom OR 

custom?ed OR "patient specific") AND (implant* OR prosthes* OR design OR lattice)  

The terms related to objective 3 were: "Additive manufacturing; 3D printing; rapid 

prototyping; and reverse engineering. These terms were connected to independent 

keywords using Boolean operators (AND, OR): accuracy; defect(s); metrology; quality; 

errors; optimi(zation, sation); strategy;  and rules. 

The full search phrase used for objective 3 was: 

("Additive manufacturing" OR "3d printing" OR "rapid prototyping" OR "reverse 

engineering") AND (accuracy OR defect* OR metrology OR quality OR errors OR 

optimi* OR strategy OR rules) 

Interviews are one of the most common techniques to gather primary data in all type of 

business and management research [349]. Interviews can be used to extract expert 

knowledge about their experiences, beliefs, or opinions [377]. Therefore, in order to 

confirm the applications and benefits of the adaptation of QbD, qualitative semi-

structured interviews were selected as the data collection instrument to be performed with 

each interviewee. For the purpose of this study, the exploratory approach was adopted 

following the consolidated criteria for reporting qualitative research (COREQ) [360]. By 

following this approach, 26 questions in total divided in four specific groups were 

designed. Moreover, an interview guide and a PowerPoint presentation were designed to 

guide the direction of the conversation, present the preliminary results obtained from the 
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adaptation of QbD and the statistical analysis, and to gather deeper insight on matters that 

could not be taken into account during the systematic search. (See Appendix B for 

complete details of this procedure). 

4.6 Study Selection 

Selected studies from the first systematic search were limited to the following inclusion 

criteria: (1) peer-reviewed papers with full-text; (2) empirical studies showing evidence 

of the applicability of Quality by Design approach; (3) published in English language; (4) 

assess the first ten pages of the search results; (5) sort the search results by relevance. 

Selected studies from the second and third search were limited to the following inclusion 

criteria: (1) peer-reviewed papers with full-text published within the last 16 years (2000-

2016); (2) empirical studies showing evidence of the applicability of design and 

manufacturing methods; (3) reports describing errors and difficulties experienced during 

any step of the design and manufacturing process; and (4) published in English language; 

(5) assess the first one hundred thirty pages of the search results; (6) sort the search results

by relevance. 

The criteria to select the participants for this post-hoc QbD evaluation study was based 

on their experience and expertise in the field of study. Therefore, pertinent experts in the 

field of tissue engineering, medical product development, and orthopaedic surgeons with 

previous experience with 3D printed bone implants, were selected. The sample size is 

limited by the nature of the research field, which is characterized by small samples, but 

detailed and extensive work [378]. Therefore, the snowball sampling method was selected 

since it allows further study participants to be suggested or introduced from the 

interviewees network [377].  

4.7 Data Extraction and Analysis 

For the systematic review, full-text screening was independently performed by the 

authors. Any discrepancy between the two reviewers was resolved by a consensus 

meeting. The articles were classified based on their research objectives to facilitate their 

analysis. The classification topics were: quality by design, properties and requirements of 

porous scaffolds; medical image; biomaterials and surface treatments; study cases; 3D 
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printing methods; 3D printing fabrication errors; design approaches; and performance 

simulation (finite element analysis; and joint kinematics simulation). The classified 

articles were thoroughly reviewed and analysed according to the objectives of this study. 

From search 1 the following information was extracted: article application context, QbD 

implemented steps; QbD tools used; Key output/conclusion. Moreover, the articles’ key 

output/conclusion was classified in different four categories: (1) Process understanding 

(PU); (2) Prediction and optimization (PO); (3) Reduction of experimental runs (RER); 

(4) Development of robust manufacturing methods (DRM). Furthermore, the total 

number of experiments that each study performed was gathered, including the calculation 

of the number of experiments if they had used one variable at the time. 

For the articles from search 2 and 3, the analysis was aimed to obtain: a deep 

understanding of the technologies and processes involved; data related to the design and 

fabrication of patient-specific bone implants; and to identify risk factors related to their 

design and fabrication. Additionally, the reference list from collected papers was 

systematically reviewed to identify further items. Once all applicable literature was 

identified (Fig 4.2) the tailored QbD approach adapted specifically for 3D printed bone 

implants was formulated.  

With regards to the interviews’ data extraction, an interview guide was used to maintain 

the direction of the conversation and the relevant lines of enquiry, whilst probing into the 

issues of interest (see Appendix B for further details on this procedure). To obtain a 

complete and accurate description of the interviewee’s responses and comments, all 

interviews were recorded and transcribed for further analysis. Moreover, at the beginning 

of each interview a consent form was delivered to each participant, explaining that the 

information that they will provide will be considered confidential and that only a de-

identified summary of results may be used for presentations and publications. 

Consequently, each participant signed the consent form and approved the interview be 

audio recorded. The types of questions that this research addressed were descriptive and 

structural. Descriptive questions are asked to get descriptions of things and processes in 

order to get insights, or to check validity or accuracy about something [377]. Structural 

questions help the researcher to categorize groups of things and processes and to 

understand its relationships [377]. 
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Figure 4.2. Search strategy and selection of the studies. 

Qualitative data analysis required to examine, categorize, tabulate, test and combine 

evidence to address the initial propositions of a study [379]. The data analysis for the 

semi-structured interviews followed two key steps recommended by Eisenhardt [380]: 

within-case and cross-case analyses. In this study the within-case analysis was concerned 

with the evaluation of the collected data, as well as the reporting of the findings of each 

individual case study. A systematic reading through each transcript was performed, to 

then assign codes to tag segments with similar content to sort them into separate 

categories for a final distillation into major themes (see Appendix B for further details on 

this procedure). The codes were pre-designed using the deductive coding technique based 

on the four groups of questions designed for the interviews [381]. It is worth mentioning 

that due to the open-ended nature of the interview questions, the answers for some 

particular questions were mixed up with another question. As a result, part of the data 

gathered was of an “unstructured” nature consisting of long paragraphs which were 
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organized in a structured and evidentiary-based manner to be able to draw conclusions 

as the study progresses. The information obtained from each interview provided an 

insight into how different factors of the adapted QbD system were perceived by experts 

from different fields of expertise. This was presented in the form of evidentiary tables, 

detailed in Appendix B, containing the classified evidence from each interview using 

Miles, Huberman [382] tabular approach.  

Following this, the cross-case analysis was performed to find patterns, agreements, and 

disagreements in opinions between the interviewees [365]. To facilitate the cross-case 

analysis, the information in the form of evidence extracts, was categorized in tabular 

manner based on the coding used (see Appendix B). Once all the evidence had been 

organised, the results of this analysis were used to enhance and confirm the preliminary 

results obtained from the adaptation of the QbD approach, and to report participants’ 

opinions and concerns.  

4.8 Results 

4.8.1 Prior QbD Study Descriptive Statistics 

A total of 30 prior completed QbD studies were statistically and qualitatively analysed to 

identify: the most implemented QbD steps; reasons to use the QbD system in research; 

positive results and drawbacks that were encountered in the QbD implementation; the 

total reduction of experiments obtained by using the QbD system. According to our 

results, QbD has been widely used in different pharmaceutical fields for several purposes, 

such as formulation and process design [39], improvement of drug manufacturing [383-

385], and development of nano based pharmaceutical products [386-388], (See Appendix 

A). Moreover, it was found that the most implemented QbD steps in the reviewed studies 

are: identification of critical process parameters and material attributes (CPP/CMA), 

design space (DS), and identification of critical quality attributes (CQA), with 93%, 87%, 

and 77% respectively (see Fig 4.3c). Whereas the QbD steps used the least were: 

development of strategies for product lifecycle management and continuous improvement 

(PLMCI), process flow diagram (PFD), and design and implementation of a control 

strategy (DICS), with 0%, 23%, and 17% respectively.  
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Figure 4.3. (a) Studies’ main objective, PU: Process understanding, PO: Prediction 

and optimization, RER: Reduction of experimental runs, DRM: development of 

robust manufacturing; (b) Percentage of reduction of experimental runs per 

paper; (c) QbD steps implemented in the reviewed studies.

Furthermore, shown in Fig 4.3a it was identified that QbD was mainly used to achieve 

four different objectives: process understanding (PU), prediction and optimization (PO), 

reduction of experimental runs (RER), and development of robust manufacturing 

methods (DRM). The majority of the studies (86%) used QbD to enhance process 

understanding (PU). The identification of CQA and CPP/CMA were the main steps of the 

QbD approach used for this purpose, representing 77% and 93% respectively (Fig 4.3c). 

For example, Verma, Lan [388] used QbD to gain a comprehensive understanding of the 

preparation and processing of nanosuspensions via microfluidization by identifying 

various two-way interactions between independent variables which were impossible to 

detect using other methods. Similarly, Zhang, Yan [383] used QbD to improve the 

manufacturing process with regard to the understanding of botanical drug products. In 

this study they identified the potentially critical factors on the performance of ethanol 

precipitation to later develop a potential design space of the ethanol precipitation 

operation. According to Zhang, Yan [383] “QbD is a powerful tool in improving the 

knowledge of the relationships between potentially high-risk factors and the performance 

of ethanol precipitation…”.  

Prediction and optimization of pharmaceutical formulations (PO), and reduction of 

experimental runs (RER) were the second and third reasons for using QbD in the 30 

studies, with 56% and 53% respectively (see Fig 4.3a). A total of 16 studies out of 30 
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aimed for the reduction of experimental runs. Incredibly, 50% of these studies reduced 

their experimental runs by more than 90%. On average the reduction of experimental runs 

was 78% (Fig 4.3b). In regards to optimization of pharmaceutical formulations, 

Mazumder, Pavurala [389] optimized the formulation of an oral disintegrating film to 

reduce its dissolution time from 10-40 mins to 3-6 min, representing an improvement of 

85%. In another study, Schmidt and Molnár [390] reduced the purity testing of non-

sedating antihistamine using an ultra-high performance liquid chromatographic (UHPLC) 

method from 160 min to 4 min, representing an impressive 40-fold increase in 

productivity.  

The fourth reason identified for the implementation of QbD was the development of 

robust manufacturing methods (DRM) by reducing variability in production. Merely 36% 

of these studies used QbD for this purpose (Fig 4.3a), and 23% implemented the 7th step 

of the QbD approach, which aims to design and implement a control strategy (DICS), as 

shown in Fig 4.3c. A good example of variability reduction with QbD is Cun, Jensen 

[387] study, where they were able to increase the encapsulation efficiency of Poly (DL-

lactide-co-glycolide acid) PLGA nanoparticles from 2.01% to 60%, and reduce the 

variation efficiency  from 49.17% to just 10%. Also Dubey, Boukouvala [391] were able 

to improve their production variability. In their study they reduced the tablet coating 

variability by more than 50%, and concluded: “These results reported here demonstrate 

that the new coating process optimized by this QbD study was robust and produced 

consistent results”. 

In summary, the review of prior QbD studies suggests that the majority of them presented 

low levels of maturity in regards to the product development life cycle. The reason is that 

most of the research studies did not aim to reach commercial stages; therefore, the 7th 

(DICS), and 8th (PLMCI) QbD steps were perceived as being irrelevant for most of these 

research studies. Additionally, it has to be noted that the QbD system was developed to 

assist and accelerate the product development process in pharmaceutical companies, 

therefore it is not surprising that all the steps of the QbD system were not implemented 

in any study. 

Nevertheless, it is evident that all of these studies showed positive results from the 

implementation of QbD. Moreover, despite that only a few studies aimed for DRM and 

implementation of the DICS step, they achieved remarkable results. Furthermore, most 

studies had a dramatic reduction of experimental runs and process variability, which can 
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be translated to lower cost and improved quality. The implementation of QbD can provide 

similar benefits to different kinds of processes and products regardless of the industry to 

which they belong. Therefore, QbD is a powerful system that can assist in the 

development of 3D printed bone implants and scaffolds to provide better products and 

process understanding, ensure robust manufacturing, and minimize development risks 

and cost.  

4.8.2 QbD Step 1: Ideal Quality Target Product Profile 

The Quality Target Product Profile (QTPP) is a description on how the product will be 

used by the end user, providing important information about its ideal characteristics and 

features in relation to safety and performance [392]. This will assist new product 

development phases, directing the development process to a clear goal [393]. It will also 

assist in identifying medical device development failures in the early development phases, 

and reduce the total development time and costs [393]. Therefore, before starting the 

development of a new product it is important to define the QTPP, drawing on the expertise 

of multiple professions, including   scientists, engineers and medical specialists, to 

optimally meet future product expectations. Definition of the QTPP should also take into 

account users’ needs in relation to product sales and market success [394]. Moreover, it 

is important to point out that the formulation of QTPP is a dynamic process which 

receives feedback from all of the QbD systematic processes. As a result, QTPP is updated 

through the product development life cycle as new knowledge is acquired [394]. 

In order to describe the ideal quality characteristics of custom 3D printed bone implants, 

eight quality dimensions will be used to create the framework to measure product quality, 

giving consideration to various perspectives and market competitiveness [395]. 

Garvin [396] explains five approaches to define quality, based on different perspectives. 

These approaches are the transcendent based approach, user approach, manufacturing 

based approach, value based approach, and product based approach. In the case of bone 

implants, the client is usually the orthopaedic surgeon, who makes the final decision on 

the choice of prosthesis, but on rare occasions the patient may have the final decision. 

Consequently, there are three quality definitions which can inform our understanding of 

the market for medical devices. These definitions are the user based approach, the 

manufacturing based approach and the product based approach. 
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The user based approach defines quality from the clients’ perspective taking into account 

their wants and needs and how the client is satisfied with the product [396]. This approach 

in defining quality is supported by the orthopaedic surgeon’s decision making process, 

where the choice of one brand over another depends mostly on brand reliability, which is 

based on medical and scientific studies of prosthesis failure rates. The advantages of this 

approach is that it allows for a more accurate identification of product needs and 

definition, leading to better user experience, reduced complaints and improved 

functionality [397]. 

In contrast, the manufacturing based approach is focused on the reduction of scrap, 

rework and product failure [395]. This means that quality is focused on compliance with 

product specifications compliance from the engineering and production point of view 

[395]. This definition is supported by the strict product regulations which medical devices 

are subjected to in order to comply with medical requirements. Moreover, Sharkey, 

Sethuraman [398] found in a survey study that 97.1% of the 102 patients of total hip and 

knee replacements responded that the main determinant to choose an implant is the quality 

and not the cost. Moreover, it was found that a large percentage of patients (84%) are 

willing to pay additional costs for a better, but more expensive implant. This means that 

from the patients’ point of view, quality is based on cost perception, where a higher cost 

can be interpreted as better quality. This assumption supports the product based approach 

where a product with higher quality is considered more expensive [396]. 

In the case of custom 3D printed bone prosthesis and scaffolds, the clients are medical 

doctors experienced in regards to the product required, and are part of the design process. 

They interact directly with the designer, providing instructions and verifying if the 

implant fulfils their needs. Therefore, in any company dedicated to custom 3D printed 

prosthesis and scaffolds, the products and the service are equally important. 

Consequently, clear communication and direct interaction with medical doctors is 

essential in order to provide a suitable product. Moreover, direct cooperation and high 

levels of service between the manufacturing company and its clients is also crucial for 

this contemporary arrangement. 

The eight dimensions of quality are basic elements to analyse product quality 

characteristics [396]. The importance of each dimension in a specific product depends on 

its market and customer needs. Thus, some dimensions are more critical for competitive 

success [399]. According to Garvin [399], performance is the first dimension of quality, 
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and can be defined as the product’s functional attributes. The second quality dimension 

is features, and refers to those additional traits which complement the basic purpose of a 

product. Reliability is the third dimension and refers to the product’s failure rate. 

Conformance is the fourth dimension and relates to how a product fulfils design 

requirements and standards. The fifth quality dimension is durability and is a measure of 

a product’s life span that can be linked to technical and economic product aspects. 

Serviceability is the sixth dimension and is related to the external aspects of the product, 

such as the relationship and interaction between the company and the client, and also the 

speed and competence of product repair. Aesthetics, which is the seventh dimension, 

refers to how the product is perceived by the user’s senses and personal preferences, such 

as colour, taste, and smell.  

Table 4.1. The ideal eight quality dimensions of 3D printed bone implants. 

Quality 
approach 

Dimension Description 

Product-based 
approach 

Performance 

Each 3D printed bone prosthesis and scaffold is custom designed to restore 
the functional characteristics of patient’s bone, provide long term 
osseointegration, operate properly in normal conditions, and to last the 
required number of years for its purpose. 

Features 

3D printed bone prostheses have special features such as bioactive surfaces 
that promote bone ingrowth, a modulus of elasticity similar to the host bone, 
are specifically designed according to each customer’s geometry and 
functional characteristics, and possess a hierarchical macro, micro, and nano 
architecture that resembles bone structure. 

Reliability 

Due to the fact that each prosthesis is custom made and fabricated with the 
latest technologies and materials, its life expectancy should match or exceed 
traditional bone prosthesis reliability and functional characteristics. In the 
case of bone scaffolds they are tuned to resorb based on each patient’s 
biological conditions to restore bone tissue. Moreover, The fabrication 
process of such products should be robust with minimum quality variations. 

Manufacturing-
based 
approach 

Conformance 

Each 3D printed bone prosthesis meets or exceeds medical device 
regulations. The design and fabrication processes are subjected to strict 
quality tests (control) to provide a product with zero defects (according to 
tolerances needed). 

Durability 
Products are made with the best materials and technologies available, using a 
direct interaction with the customer to design custom bone implants that 
exceed the life expectancy of traditional bone prosthesis. 

User-based 
approach 

Serviceability 

Each client is unique. Therefore, the company is responsible for providing a 
personalized service where each client is involved in the prosthesis design 
process. Moreover, the company must meet all customer specifications on 
time and be responsible for any irregularity. Additionally, it is important to 
provide an easy and accessible service to any potential customer. 

Aesthetics 

The product has the correct materials and appearance for the target market. 
The technologies used for the product design and fabrication allow a precise 
reconstruction of defects from trauma or surgery, providing a correct custom 
shape and superficial finish to achieve better cosmetic enhancement and 
functional rehabilitation. 

Perceived 
quality 

In this case the client has a clear understanding about the product’s 
attributes, which can be found in medical performance reports and statistical 
data. 
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The last quality dimension is perceived quality, which shows how a product is perceived 

by the client, noting that not all clients are experts or have a clear understanding of the 

product’s attributes. Consequently, consumers rely on product brand image, advertising 

and market trends. In Table 4.1, the eight quality dimensions related to custom 3D printed 

bone implants are described based on an ideal product. 

4.8.3 QbD Step 2: Critical Quality Attributes (CQA) 

4.8.3.1 Overview 

Critical Quality Attributes (CQA) are the product characteristics which should be 

contained within certain limits to ensure that they conform to desired quality standards 

defined in the QTPP.  The CQA can be chemical, mechanical, biological or 

microbiological [47]. For an effective identification of CQA, scientific and risk 

management rationale are used taking into account product knowledge, and business and 

regulatory requirements [38]. However, for an early product development phase, CQA 

are just identified but not defined within limits. Nevertheless, they may be updated as new 

knowledge is acquired, which is the case of this study. 

Bone tissue engineering is the combination of biology and engineering to design 

functional engineered structures to repair bone tissue [374]. Thus, bone tissue engineering 

should help to provide a complete restoration of the damaged tissue, recovering its 

mechanical and biological properties and functions [400]. For the identification of CQA 

of custom 3D printed bone implants, it is important to take into account the hierarchical 

structure of bone and its properties, which are defined from molecular, nano, micro and 

macroscopic scales. Moreover, it is necessary to understand which performance 

indicators of bone implants can be used. 

According to Giannoudis, Dinopoulos [88] there are three main performance indicators 

for bone substitutes (Table 4.2). The first performance indicator is osteoinductivity, which 

is a scaffold property where multipotential mesenchymal cells (MSCs) are stimulated or 

attracted to the material surface, to later differentiate into osteoblasts and form ectopic 

bone in vivo [88]. The second is osteoconductivity, which is the scaffold capability to 

allow new cell colonization, bone ingrowth and blood-vessels formation [401]. 

Osseointegration is the third indicator which is the bond between new bone and the 

scaffold biomaterial [88]. The identification of CQA of custom 3D printed bone implants 
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was made based on different biological, physicochemical, mechanical, dimensional, and 

functional characteristics necessary to comply with the performance indicators mentioned 

above [402, 403].  

Table 4.2. Performance indicators of bone substitutes. 

Performance indicators Definition 

Osteoinductivity 
Scaffold property where multipotential mesenchymal cells (MSCs) are 
stimulated or attracted to the material surface, to later differentiate 
into osteoblasts and form ectopic bone in vivo [88]. 

Osteoconductivity 
Scaffold capability to allow new cell colonization, bone ingrowth and 
blood-vessels formation [401]. 

Osseointegration Bond between new bone and the scaffold biomaterial [88]. 

4.8.3.2 Biological Characteristics 

The biological characteristics of bone implants and scaffolds are the most important, 

because they dictate how the body of the patient will react to it. The first reaction of the 

biological environment to any biomaterial is the conditioning of its surface by a rapid 

adsorption of proteins on it [404]. This occurs during the inflammatory phase, which is 

vital for the subsequent steps of the healing cascade in order to have a successful bone 

healing process [405]. Some of the proteins absorbed act as cell receptors that promote 

cell attachment biomineralization and matrix maturation due to their chemotactic or 

adhesive properties [406]. Furthermore, the injury site during healing is influenced by 

different factors such as hormones and nutrients, growth factors, oxygen tension, pH, the 

electrical environment, and mechanical stability [407]. Including, external factors such as 

bacterial infection which can drastically affect the healing process leading to prolonged 

antibiotic therapy or premature implant failure [54]. 

The ideal artificial bone should act as a scaffold (lattice structure) with a stable interface, 

and not produce toxic by-products which cause allergies and inflammatory reactions 

[408]. Moreover, the ideal bone scaffold should be a three dimensional resorbable 

biocompatible structure, that allows the flow of cell nutrients and waste, and stimulates 

cell migration and adhesion [409], thus promoting bone tissue formation and 

vascularization (Osteoconduction) [410].  

At the macrostructure level, the biological performance of the lattice structure of scaffolds 

and metallic implants depends on their pore size, pore shape, pore interconnectivity, and 

percentage of porosity [189, 411]. These microstructural properties are the basis for cell 
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proliferation and promote bone regeneration, rapid cell growth, vascularization, and 

interconnection between the implant and the local bone area [190]. Moreover, these 

properties directly influence the transport of nutrients and waste removal through the 

implant [402], allowing for the creation of hydrodynamic microenvironments which 

mimics natural conditions in vivo [411]. Thus, permanent and resorbable bone substitutes 

should act as a extracellular matrix for an adequate cell formation [190]. 

It has been demonstrated that at the nano scale level, surface properties also affect cell 

behaviour [412], accelerating the early stages of bone healing [124]. These are caused by 

physicochemical and biochemical reactions between the biomaterial surface and living 

cells, influencing intracellular signalling and affecting cell proliferation, differentiation, 

and adhesion [411, 413]. Surface properties involved in these processes are topography, 

roughness, and viscoelasticity [413]. Therefore, controlled material topography is needed 

in order to provide a high surface area for cell attachment and improve osseointegration 

and osteoinduction [254, 413]. However, in joint prostheses, some surfaces are preferred 

to be polished to improve its dynamic contact [102].  

4.8.3.3 Physicochemical Characteristics 

Material biocompatibility is directly influenced by its surface physicochemical properties, 

which can modulate the cell environment, regulate cell adhesion and migration, and 

eventually promote bone healing [414, 415]. This is done by using materials and surface 

treatments that can release ions and molecules that can penetrate the cell membrane or 

activate its bound receptors [413]. Surface energy affects the wettability of a surface, 

which play a vital role in the initial stage of wound healing [416, 417], and is strongly 

correlated with cell adhesion and proliferation [418]. Material surface chemistry and 

topography also dictates material corrosion, wear resistance in permanent implants, and 

how long a degradable scaffold will last [415]. For example, most metallic implants are 

treated to change their surface chemistry so as improve its corrosion and wear resistance 

[419]. Alternately, resorbable scaffolds are chemically tuned to have a resorption rate 

similar to the local tissue healing process [408]. Additionally, implants and scaffolds, 

should be chemically strong enough to tolerate sterilization processes, and the corrosion 

induced by extracellular body fluids without any adverse reactions [67, 420, 421].  

Currently in research another tissue engineering strategy to improve bone scaffolds and 

metallic implants is the incorporation of bioactives such as therapeutics and growth 

factors to stimulate cellular growth and cellular differentiation for healing, bone 
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formation and vascularization, and to reduce bacterial infection [79, 159, 422]. Growth 

factors act on recruiting local and distant mesenchymal cells to differentiate into 

osteoblast and form bone tissue [401]. Some of the growth factors that can be used in 

bone scaffolds are vascular endothelial growth factors (VEGFs), platelet derived growth 

factor (PDGF), bone morphogenetic proteins (BMPs), and fibroblast growth factors 

(FGFs) [190, 423]. 

4.8.3.4 Mechanical Characteristics 

There are several mechanical properties that are needed for ideal bone scaffolds and 

prosthesis. For example, in resorbable scaffolds compression strength is important to 

provide structural integrity and support to the affected area during the healing process 

[424]. Whereas, for load bearing non-resorbable scaffolds fatigue resistance is needed to 

support in vivo cyclic stress [425]. Other mechanical properties that have to be taken into 

account are flexural modulus, Young’s modulus maximum strain, and tensile strength, 

hardness, and toughness [95, 426].  

4.8.3.5 Dimensional Characteristics 

Scaffold dimensional accuracy at macro, micro and nano levels is vital to achieve some 

of the requirements mentioned previously, such as pore shape, pore size, surface 

topography, and mechanical integrity [95]. At the macro level, implants with custom-fit 

geometry in respect to the bone defect should be dimensionally accurate to match the 

anatomic deficit shape [230]. Thus, ideal bone scaffolds and prostheses should mimic the 

external shape of the patient’s anatomical defect and fracture sites. This results in better 

cosmetic results, structural support, joint performance improvement, surgery time 

reduction and faster recovery [25, 26, 66]. At the micro level (0.1 to 1mm) scaffold 

features, pore size and shape affect the scaffold mechanical properties and the response 

of cell multitudes [189, 230]. Furthermore, for features at the nano level, individual cell 

behaviour is affected [129, 139]. Therefore, the dimensional accuracy of scaffolds at all 

the hierarchical levels is critical in order to achieve its biological, mechanical, and 

anatomical characteristics [229].    

4.8.3.6 Functional Characteristics 

Personalised bone implants with a patient-specific shape can ensure a precise 

reconstruction of defects from trauma and better mechanical stability. Nevertheless, there 

are more aspects to bone regeneration than just geometry [427]. Customised 3D printed 

bone implants and scaffolds should also be biologically active to restore the functional 
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characteristics of patient’s bone such as vascularization for an appropriate diffusion of 

oxygen, nutrients and waste products [428]. Furthermore, it is critical to consider how the 

patient’s neuromusculoskeletical system might adapt to satisfy the new dynamic moment 

requirements at each joint during everyday activities [429]. For example, a change in 

bony geometry at the proximal femur will impact muscle tendon pathways and muscle 

moment arms at the hip and may also alter the ideal force-length operating range of the 

muscles during such activities. Moreover, the implant’s material should resemble the 

mechanical characteristics of native surrounding tissues [427], e.g. resemble the patient’s 

bone modulus of elasticity to avoid stress shielding and to promote early bone 

regeneration [159]. In the case of metallic implants that are in contact with surrounding 

soft tissues, such as muscle and mucosa, shear forces lead to thicker fibrous capsule and 

inflammation, therefore, these forces should be avoided or reduced using smooth polished 

implant surfaces [189]. Finally, if the implant aims to restore bone biological 

performance, it is important to take into account that these kinds of implants will require 

customised rehabilitation programs to provide the best conditions for bone maturing and 

healing [430]. These characteristics act as a fourth extra dimension apart from the 3 

dimensions included within the patient’s bone geometry allowing proper physiologic and 

mechanical functioning. 

A summary of the ideal CQA of custom 3D printed bone implants and scaffolds is 

presented in Table 4.3. 

Table 4.3. Summary of the ideal CQA of custom 3D printed bone implants and 

scaffolds. 

Dimensional Mechanical Biological Physicochemical Functional 

Match patient 
specific geometry 

Low modulus of elasticity 
(resemble bone Young’s 
modulus) 

Material purity Biocompatibility 
Patient’s bone 
characteristics  

Macro surface 
geometrical 
accuracy 

Shear/Compressive/tensile 
strength 

Protein adhesion 
Tuned resorption rate 
(biodegradable implants) 

Muscle moment 
arms 

Micro geometrical 
accuracy 

Fatigue strength Cell adhesion 
Corrosion resistance 
(permanent implants) 

Real life 
implant’s loading 
conditions 

Nano geometrical 
accuracy 

Hardness  Cell migration 
Surface micro and nano 
topography 

Implant’s bone 
interface contact 
forces 

3-dimensional 
structure 

Toughness Cell proliferation High surface area 

Implant’s soft 
tissue interface 
contact forces 
(metallic 
implants) 
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Pore size Poisson's ratio Mineralization Bioactives 
Customised 
rehabilitation 
program 

Pore shape Wear resistance 
Control of 
inflammation 

Resistance to sterilization 
process 

High pore 
interconnection 

Antibacterial 
properties 

Surface energy 
(wettability) 

High percentage of 
porosity 

Transport of 
nutrients and 
waste removal 

4.8.4 QbD Step 3: Process Flow Diagram of 3d Printed Bone Implants 

Process mapping helps to represent processes visually through the identification of all the 

necessary steps, participants and decisions in a process. This improves process 

understanding, and helps to identify problem areas and improvement opportunities [431]. 

In the QbD approach, process mapping offers the opportunity to identify the design and 

manufacturing process parameters that can potentially affect product performance and 

CQA. This helps to achieve a more accurate identification of the most critical processes, 

to later design the most appropriate monitoring and controlling methods to ensure the 

desired quality is obtained [47].  

In general, the process to produce custom 3D printed bone implants and medical devices 

can be summarized in eight main processes (Fig 4.4): (1) CT protocol; (2) patient’s image 

acquisition and processing; (3) implant design; (4) design evaluation and dimensional 

validation ; (5) motion capture and virtual surgical planning; (6) fabrication; (7) recycling 

of unused material; and (8) sterilization and packaging [256]. However, a common view 

of the process is not detailed enough to encompass all the different activities and 

parameters that can affect the CQA of such products [39]. Taking into consideration that 

the purpose of this study was to have a clear understanding of the different parameters 

that can affect the CQA of custom 3D printed bone implants, an exploratory analysis of 

different workflow approaches was necessary. Through a literature review, different 

design and fabrication approaches were identified [2, 228, 244, 252, 256, 432-446] and 

critically evaluated to provide a more detailed picture of the activities involved in each 

process.  

Moreover, it was identified that there are two process activities (Geometrical modelling 

and Implant design) can be carried out utilising different routes depending on the implant 

desired outcomes, complexity and chosen characteristics.  The result of this analysis was 

a more detailed outline process map (Fig 4.5) that will aid future researchers and 
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practitioners to design the most appropriate workflow approach for a specific medical 

device. In the detailed process map the main processes are represented by black round 

boxes, their different routes and their activities are represented by black rectangular 

boxes, and the different experts that interact in each process are represented by blue round 

boxes. The explanation of each main activity is provided in the following paragraphs. 

Figure 4.4. General process flow diagram of custom 3D printed bone prostheses 

and scaffolds. 

4.8.4.1 Image Acquisition and CT protocol 

Image acquisition is one of the vital processes for the development of custom 3D printed 

bone implants, because it essentially informs how the implant design process is obtained. 

Today, the common medical image techniques to assist AM are Magnetic Resonance 

Imaging (MRI) and Computed Tomography (CT) [447]. From the image data point of 

view the difference between CT and MRI technologies is that CT provides images of 

bone tissue with better resolution, while MRI technology provides high resolution images 

of soft tissues [448-450], making this technology suitable for the development of 3D 

printed organs. Another system is the micro CT that is capable of taking images of nano 

size cross sections giving 10,000 times more resolution than conventional CT scanners 

and at a lower level of radiation exposure [451]; and it can be used for the development 

of high precision implants [24]. 

The advantage of MRI technology is that there are no harmful effects on the human body; 

however, it has to be carefully used in patients with implants due to the strong magnetic 

field used with this equipment [448], and is contraindicated in patients with 

claustrophobia [451]. Whereas, CT exposes the patient to a dose of radiation that can be 

potentially harmful, it has to be strictly controlled by the medical doctor and radiologist 
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according to standardized procedures [452]. However, the most used medical image 

technology for AM is the multislice CT (MSCT) scanner [453], because its image post-

processing is easier [447].  

Figure 4.5. Detailed process flow diagram for the design and fabrication of custom 

3D printed bone prostheses and scaffolds. 
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The image acquisition process starts with the scan of the patient’s region of interest, based 

on the necessary protocol [207]. In the case of the CT scanner, settings are based on image 

slice thickness, slice spacing, number of pixels, and grey scale  [454]. Grey scale is 

measured in Hounsfield Units (HU), which represents tissue density for an easy 

identification of different tissues in CT images. For example, in  CT images, bones appear 

in a white colour,  soft tissues in grey, and air cavities in black [55]. 

4.8.4.2 Image Segmentation  

After acquiring the patient’s medical image, the file is saved in DICOM format (Digital 

Imaging and Communication in Medicine) which is the standard format for CT images 

within the medical field [454]. At this point, the image data of the scanned area is a group 

of 2D images that need to be segmented in order to separate the bone tissue from objects 

that are not relevant such as muscle and fat [455]. The image segmentation process can 

be performed manually, automatically or using both algorithms and filters [204, 435]. 

There are several segmentation methods and algorithms for medical images, such as edge 

detection, region growing [204], threshold based, clustering based, and deformable 

models based techniques [456]. Nevertheless, the most common method is thresholding, 

where a threshold value is chosen using the radiodensity of different tissues to select a 

range of pixels with certain intensity (measured in Hounsfield Units) to highlight and 

separate specific tissues in the image, making for easier identification of organs and bones 

[204]. For the image segmentation process there are several software programs available 

that can be used with DICOM datasets, such as InVesalius (open source software) [455], 

Osirix (Pixmeo, Geneva, Switzerland) (open source software for Mac) [207] and Mimics 

Innovation Suite (Materialise NV, Belgium) (commercial software) which is the most 

common software used [149]. It important to note that careful segmentation is crucial as 

it defines the accuracy of the final model, and as a result is one of the most labour 

intensive steps requiring the most manual intervention [457]. 

4.8.4.3 3D Volumetric Reconstruction  

The 3D volumetric reconstruction is carried out after finalising the image segmentation 

process to generate a 3D image representation that can later be used to create the 3D CAD 

model for the implant design. The 3D volumetric reconstruction entails obtaining a three-

dimensional representation of the region of interest, segmented from CT images. Each 

CT image represents a cross section cut of the scanned region of interest with a specific 

thickness [458]. By stacking the images together, a three dimensional approximation of 
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this region is obtained [458]. Through this process, pixels with the same intensity and 

same position in each CT image are converted into a pixel volumetric representation 

called voxel, and thus create a three dimensional image, which is later used to create a 3D 

model [458].  

4.8.4.4 Geometrical Modelling  

The geometrical modelling process is conducted to generate a 3D CAD model from 

medical imaging data that can later be used as a reference to design the implant or scaffold 

by isolating the patients’ region of interest using the mirroring technique and Boolean 

operations [440]. There are three different traditional and modern geometrical modelling 

routes, which are used depending on implant complexity and the available software 

resources, for the design of personalized implants [440]. 

The first route is the reverse engineering interface or NURB based method, which is a 

traditional route for geometrical modelling. This method transforms the 3D voxel data 

from the volumetric reconstruction into a point cloud, that later is used in a reverse 

engineering software to create a polygonal mesh, which then is softened using NURB 

curves [432]. This process is based on four steps: Pre-Processing where the point cloud 

is optimized to reduce file noise and errors; generation of the Polygonal Mesh, where a 

faceted model is created from the triangulation of the point cloud; Mesh Refinement, 

where the mesh is refined; and errors are then corrected fitting NURBS patches [459]. To 

optimise the mesh resolution software, packages such as MeshLab (CNR, Pisa), and 

PolyMLib (Solid Modelling Solutions, Aichi, Japan) can be used [208]. After this, the 

optimised mesh can be converted into a STL file to be fabricated by additive 

manufacturing for preoperative surgery planning models or can be converted into a 

NURB surface to be used as an input for CAD software for implant design [459]. The 

advantages of this method are total control of implant thickness, smooth curves [440], 

clean 3D model representation, high data quality, stable configuration, less error in format 

transfer, and it can be used for complex shapes [432]. Nevertheless, the disadvantages of 

this method are that this process is tedious and time consuming [432, 440], and generates 

waved surfaces with an enormous number of control points, making its manipulation in 

CAD/CAM software very complicated [440]. 

The second route was developed to address some of the disadvantages of the NURB based 

method [440], such as data conversion issues, and served as a bridge between medical 

image and CAD software [432].  This method is based on the AIT MedCad program that 



Chapter 4 

94 | P a g e  

 

evolved to MedCAD interface as a standard module for a medical imaging process 

software [432]. However, the drawback of the MedCAD interface, is that it is limited in 

terms of design, and cannot capture complex and detailed geometries [432].  

The third route is the STL design interface, which is currently the most used method to 

avoid the tedious process of the reverse engineering interface. This is done converting 

the 3D volumetric model (voxel model) to a STL file, which represents the model with a 

triangulated mesh [460], to later import it into reverse engineering software for mesh 

refinement and error correction [432]. For the simplification of the implant design 

process, the region of interest can be isolated to reduce computing time and file size. This 

is done by eliminating the structures or surfaces that are not relevant for the implant 

design, with the remote assistance of the surgeon using viewer software such as 

SolidView [228]. 

The advantage of this method is that it uses a STL triangulated surface as an input instead 

of the point cloud [432], making it fast and efficient [244]. During this process the STL 

can be optimised to reduce the number of elements and correct errors, using software such 

as Magics (Materialise) [228]. Nevertheless, the disadvantages of STL design interface 

are: it requires triangulated surfaces without errors; is not suitable for geometries with 

small details and complex features [432]; and is limited by the many drawbacks of the 

STL format [461]. However, despite all the disadvantages, this method is preferred by 

researchers due to its simplicity and efficiency [55, 244, 256, 433]. 

4.8.4.5 Virtual Surgery and Planning  

Virtual surgery planning is an online collaboration between the surgeon, the orthopaedic 

engineering professional and the biomedical design engineer. The main focus of this 

virtual planning is to study and manipulate the patient’s bony defect to find the optimal 

solution to restore it to its normal condition. The process begins with an evaluation of the 

patient’s health history, particularly of the mechanism of injury and details of any 

distorted or destroyed anatomy [272]. The surgeon then decides the most suitable surgical 

technique and explains the specifics of the planned procedure to the engineers to later 

discuss the design of the fixation method and implant solution. This vital process requires 

a close collaboration between surgeon and engineers in order to understand the limitations 

and constraints of the surgery [272]. Once this process is completed the implant design 

process begins. It has to be mentioned that the surgeon’s active engagement in the virtual 
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planning will improve technical performance, give confidence, and pay dividends on the 

day of the actual procedure [272]. 

4.8.4.6 4D-Implant Design  

Current design methodologies and mass production of bone implants employs minimum 

variation of product characteristics in order to cope with the limitations of traditional 

manufacturing methods, which are based on statistical quality control processes with 

quality control activities, such as destructive testing and lot sampling. Moreover, in vitro 

testing is limited in testing real life conditions, and is also time-consuming and requires 

manually intensive measurements. These approaches are limited for the 3D printing 

manufacturing environment of medical devices where the manufacturing process is 

composed by variable and complex product characteristics, low production lots and high 

design requirements [462].  Additionally, current bone implant designs do not take into 

account joint contact forces that occur during real life activities [463]. To address these 

limitations, the next generation of bone implants should not merely comply with the 

unique 3D geometrical features of patients’ bone; instead they should include a 4-

dimensional design where the physiological condition, and current health of each patient 

are also taken into account. Therefore, 4D implant design incorporates multiscale and 

multi-physics in order to address clinical problems that manifest at different hierarchical 

levels, such as at the whole organ, meso, micro and cellular levels [429]. For this, the 

design and performance of custom 3D printed bone implants should be performed and 

validated concurrently not just with mechanical and in vivo testing, but also with patient 

specific computational neuromusculoskeletal (NMS) predictions and multiscale finite 

element analysis (MFEA) to accelerate their development and fabrication process, and 

simultaneously improve their reliability before they are subject to clinical evaluation and 

fabrication [464-466].  

Computational NMS models provide a non-invasive method to estimate in vivo contact 

loads of the patient’s region of interest accounting for muscle force contributions, which 

are influenced by external loading conditions, joint kinematics, as well as an individual’s 

task-specific muscle activation patterns, during real life activities [235, 463]. Moreover, 

NMS models help researchers and medical practitioners to understand the mechanisms of 

injury and disease of the musculoskeletal system and structural form-function 

relationships to better design, test, and validate bone implants [466]. MFEA enables 

virtual tests and simulations for more insightful study, design and optimization of micro 
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and nanostructured hierarchical materials. These simulate the interactions of different 

implants microstructures and surfaces, with local cancellous and cortical osseointegration 

[467, 468]. Furthermore, MFEA helps designers to virtually check the structural, 

mechanical, and biological performance of implants, detecting weak areas in the design 

in order to strengthen them to support in vivo cyclic stress, before commencing production 

[425, 435, 457, 469].  

4.8.4.7 Implant’s Lattice Design  

At this point of the workflow process the designer has enough data to start to design the 

external geometry of the implant using the mirrored geometry of the contralateral 

anatomical site (for patients who are only unilaterally affected) or a scale idealized 

statistical shape bone model to create a 3D model that can be used as a reference to design 

the implant. At this stage it is also possible to simulate and plan surgical operations of 

bone replacement to reduce surgery time and errors during difficult surgeries [24, 470]. 

Additionally, bone cutting guides can be designed to improve surgery accuracy [434].  

To obtain biomimetic bone implants such as porous scaffolds and prosthesis, they should 

mimic geometrical, biological and mechanical properties of bone with controlled macro 

micro and nanoarchitecture to facilitate cell proliferation, nutrients transport, and waste 

flow [424].  However, due to bone tissue complexity, most of these design approaches 

are simplified models that attempt to resemble bone tissue architecture and mechanical 

properties [471]. This is done using 3D unit cells that can be intersected with a patient’s 

bone 3D model from medical imaging data, using Boolean operations, in order to create 

volumetric lattice structures [424]. These design approaches can be classified into four 

main groups: CAD based methods, implicit surfaces, image-based topology design, and 

topology optimization  [241, 471]. 

CAD based methods for bone tissue combine a biomimetic design with Computer-Aided 

Tissue Engineering (CATE) to create load bearing tissue scaffolds. This, provides the 

capacity to mimic bone porous macro structure and mechanical properties, using libraries 

of different unit cells based on platonic solids, archimedean solids, prisms and anti-

prisms, and archimedean duals [250, 432, 472-474]. The advantage of this approach it is 

that it can tailor the stiffness variation of the scaffold more effectively to mimic bone 

microstructure [250].  However, despite the advantages of unit cells CAD approaches, 

they are restricted by the availability of polyhedra shapes, and by its inaccurate 

description of complex natural shapes due to their straight edges and sharp turns [475]. 
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Moreover, this method is time consuming [476], its parameterization is difficult, and 

requires high performance computers to reduce computational time and improve its 

manipulation and visualization [410, 473, 477]. 

Implicit surface modelling is a design method that has been introduced to overcome the 

disadvantages of polyhedral unit cells used in CAD based methods. The design of implicit 

surfaces comes from single trigonometric functions to generate cellular structures based 

on the triply periodic minimal surfaces (TPMS) [478], which are present in nature 

and describe material architectures such as crustacean skeletons, beetle shells, and 

butterfly wings scales [471]. The great advantages TPMS are that they allow the creation 

of biomorphic scaffolds with free and easy control of pore architecture [241]; can be 

repeated infinitely in three independent directions [479] with variable porosity [480] that 

can mimic mechanically cancellous and cortical bone [481]; and a simple computer 

program can perform the whole process automatically [478]. Furthermore, TPMS creates 

intricate labyrinths with smooth joints that reduces stress concentrations [481], and 

provide high surface-to-area ratios that improve cell proliferation [482].  

Image based topology design is used to create optimized porous structures with voxel 

datasets using density distributions [483]. This method can create regular and random 

scaffold internal architectures based on voxel data [372, 437, 483]. The advantage of 

image based design is that it is a fast method that allows the creation of bone scaffolds 

with controlled internal architecture at different scales [471]. Moreover, this method, 

combined with topological optimization, allows control of the material used and the 

creation of optimal structures with less resources [372]. 

Topology optimization is an engineering design technique that has been applied in 

industries, such as automotive and aeronautics, to design parts that satisfy constraints such 

as performance, costs, and weight [484]. For the design of cellular materials with 

orthotropic properties such cancellous bone, topology optimization has been researched 

to obtain specified orthotropic mechanical properties of periodic microstructures under 

given constraints [241, 485]. Topology optimization methods can be classified as being 

either concurrent or non-concurrent. This depends on whether the method is applied to 

the macro structure or the unit cell (concurrent approach), or both (non-concurrent 

approach) [486]. In the case of bone scaffolds, topology optimization can be applied to 

improve the properties of their internal architecture by optimizing their unit cells in order 
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to achieve a modulus of elasticity closer to that of a particular bone and/or to improve 

their properties for the purpose of transporting nutrients and waste.  

4.8.4.8 STL File Conversion and Optimization  

Before starting the fabrication process, the design should be checked again by surgeons 

and engineers to compare the design geometry with the patient’s CT images. After this, 

the CAD file has to be exported to STL format, which is the format that most 3D printers 

use [487]. Then, the 3D STL model has to be checked for potential errors caused during 

the file conversion. For this task there are dedicated software programs which 

automatically repair and edit STL files for 3D printing manufacturing [488], such as 

Netfabb by FIT, Viscam by Marcam, and Magics RP by Materialise [146]. 

4.8.4.9 Fabrication  

For this step the first activity, is to set up the 3D printer machine parameters. These 

parameters vary depending on the type of system used, and the selected material. For 

example, the building layer thickness is an important parameter for all the AM systems 

because it is the one that controls the building resolution [146]. However, only for AM 

systems that use laser, such as selective laser sintering (SLS) and stereolithography 

(SLA), parameters such as laser power and beam diameter have to be accordingly set up 

depending on the material used [165]. Other parameters such as powder bed temperature, 

chamber and bed temperature, cooling cycle, scan speed are important in AM systems 

such as SLS and electron beam melting [164, 165, 169]. When the implant is 

manufactured and its temperature decreases to room temperature, it can be removed and 

properly cleaned. 

4.8.4.10 Cleaning and Finishing  

Once the fabrication process is finished, the parts have to be removed to be cleaned from 

residual material and then further post processing steps can be done, such as sandblasting, 

polishing, homogenisation, and thermal treatments [146]. The removing and cleaning 

methods depend on the AM system and material used. For example, AM technologies, 

such as fuse deposition modelling (FDM) and stereolithography (SLA), fabricate parts 

with supports to brace overhanging features, and these supports have to be removed by 

hand after the fabrication process [143, 145]. In the case of AM that uses material in 

powder form, the residual powder has to be properly cleaned from cavities and porous 

surfaces [250].  
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4.8.4.11 Material Recycling 

Most AM systems have the advantage that part of the unbound material can be recycled 

after the fabrication process [146]. For example, in SLA, the remaining resin can be 

poured off and used for the next project [142]. In the case where the material is in powder 

form, the remaining particles can be sieved and combined with virgin material for its 

reuse [249]. However, material recycling can only be done a certain number of times 

because the mechanical properties of the material will deteriorate after each cycle [215]. 

Moreover, particle size and shape of the powder materials have to follow strict 

specifications to guarantee high quality parts and consistent mechanical properties [167].  

4.8.4.12 Surface Topography Modification 

Implant surface modification treatments are performed to improve biological, 

physicochemical and mechanical properties [489], such as bioactivity, biocompatibility, 

blood compatibility, reduce wear and increase corrosion resistance [79]. Surface 

modifications of metallic implants are needed to provide a better quality of bone tissue-

to-surface contact, controlling tissue formation at the early stages of cell formation [413]. 

For example, some titanium surface modifications can improve osseointegration and 

osteoinduction [413], and it is proven that surface roughness in titanium alloys can 

accelerate the early stages of bone healing [124]. However, there are areas in implants 

that are preferred to be polished to improve dynamic contact [102], and soft tissue-to-

surface contact [189]. 

There is experimental evidence indicating that some of the important factors of cellular 

recognition in biomimetic materials is nanoscale topography [141]. For example, some 

of the most innovative surface modifications in titanium alloys are TiO2 nanotubes, 

which are produced with electrochemical anodization and are a novel method to coat 

titanium implants surfaces [129]. The advantage of this approach is that by applying 

different voltages in different electrolytes containing fluorites [129], the size of TiO2

nano-structures, such as nanotubes, pillar-like nanostructures, and nano-dots, can be 

controlled [79]. Moreover, the adhesion of hydroxyapatite on TiO2 nano tubes surfaces 

is more efficient in promoting the growth of osteoblast than non-anodized surfaces [490]. 

Additionally, it is proven that TiO2 nano tubes accelerate adhesion/propagation of 

osteoblast cells by almost 400% [134].  
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4.8.4.13 Sterilization 

Any implant has to be sterilized before its clinical use [453] to ensure the safety of the 

final product. This is to ensure a total elimination of all forms of microbial life, bacteria, 

viruses and spores [491].  There are several sterilization methods that can be used 

depending on the implant material, structure, and use [31]. Some of the traditional 

sterilization techniques used by the medical device industry are dry heat, ionizing 

radiation, steam, and ethylene oxide [258]. However, sterilization of patient specific 

implants with internal microstructures such as bone scaffolds can represent a challenge 

in selecting the most appropriate sterilization method [492], and getting the validation of 

Sterility Assurance Level (SAL), which is required for FDA approval [31]. Additionally, 

it has to be pointed out that depending on the material used in the implant fabrication, the 

sterilization process can affect its dimensions, therefore this has to be taken into account 

to maintain implant precision [256].   

4.8.5 QbD Step 4: Identify Critical Process Parameters (CPP) and Critical Material 

Attributes (CMA) 

Through the identification of the CQA, it is clear that for the fabrication of custom bone 

prostheses and scaffolds, accurate design and fabrication techniques are needed in order 

to maintain a precise control of their dimensional, mechanical, biological, functional, and 

physicochemical properties [411]. The identification of critical process parameters (CPP) 

and critical material attributes (CMA) help to determine process parameters and material 

attributes whose variability can potentially affect CQA [47]. Therefore, CPP and CMA 

should be monitored and controlled to ensure process consistency, repeatability, and 

accuracy. However, at this early stage of product development, the specific AM technique 

and product material are not yet selected.  

Nevertheless, AM technologies have a variety of different materials that are suitable for 

bone scaffold and prostheses. Depending on the fabrication technique, these materials are 

used in solid, liquid and powder form. Moreover, some AM technologies have the 

advantage that the unbound material can be recycled until a certain point without greatly 

affect the mechanical properties of the build part [275]. However, it has to be taken into 

account that the material recycling process can lead to material contamination and 

difficulties with material traceability [31]. Moreover, these material attributes have to 

comply with general regulations for biomaterials used for permanent implants. These 

regulations include ISO-10993 and FDA standard tests, as well as quality control 
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documentation to certify material characteristics such as biocompatibility, chemical 

composition, mechanical properties, purity, traceability, and storage [31]. An example of 

biocompatibility evaluation is shown in Table 4.4.
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Table 4.4. Example of FDA recommended initial ISO 10993 Biocompatibility Evaluation Endpoints for medical devices in contact 

with bone tissue and blood. Adapted from [493]. 

Device 
categorization 

Biological effect 

Nature 
of 

body 
contact 

Contact 
duration 

A – 
limited 
(≤24 h) 

B- 
prolonge

d 

(>24 to 
30 d) 

C- 
permane

nt 

(>30 d) 

Cytotoxicity Sensitizatio
n 

Irrigation or 
intracutane

ous 
reactivity 

Acute 
systemi

c 
toxicity 

Material-
Mediated 

Pyrogenicit
y 

Subacute
/ 

Subchron
ic Toxicity 

Genotoxicit
y 

Implantatio
n 

Hemocompatibility Chronic 
Toxicity 

Carcinogenicit
y 

Reproductive/ 
Development

al Toxicity 

Degradation
@ 

Tissue 
/ bone 

A X X X O O         

B X X X X O X X X      

C X X X X O X X X  O O   

Blood A X X X X O  O X X     

B X X X X O X X X X     

C X X X X O X X X X O O   

X = ISO 10993-1:2009 recommended endpoints for consideration*  
O = Additional FDA recommended endpoints for consideration* 
Note * All X’s and O’s should be addressed in the biological safety evaluation, either through the use of existing data, additional endpoint-specific testing, or a rationale for why the endpoint does not require 
additional assessment. 
Note @ Degradation information should be provided for any devices, device components, or materials remaining in contact with tissue that are intended to degrade. 
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For an easier identification and classification of CPP and CMA, scientific and quality risk 

rationale were used. This was performed by linking the four CQA groups previously 

identified (biological, mechanical, chemical, dimensional) to each of the processes of the 

workflow map, which can potentially affect them, as shown in Table 4.5. In the same way 

the CMA were linked to the CQA that can be potentially affected, as shown in Table 4.6. 

This procedure helps to identify risks more easily in the quality assessment process.  

Table 4.5. Linking CPP activities with CQA groups. 

Critical process parameters Affected CQA 

Patient’s Medical Record Functional 

CT Protocol Dimensional 

Image Acquisition Dimensional 

Image Segmentation Dimensional, Functional 

3D Volumetric Reconstruction Dimensional, Functional 

Geometrical Modelling Dimensional, Functional 

Computational NMS model Dimensional, Mechanical, Biological, Functional 

Lattice design process Dimensional, Mechanical, Biological 

MFEA Mechanical, Functional 

STL conversion  Dimensional 

Fabrication Dimensional, Mechanical, Biological 

Material recycling Dimensional, Mechanical, Biological 

Cleaning and Finishing Dimensional, Mechanical, Biological, Physicochemical 

Surface modification Dimensional, Mechanical, Biological, Physicochemical 

Sterilization and packaging Dimensional, Mechanical, Biological, Physicochemical 

 

Table 4.6 Linking CMA with CQA groups. 

Critical material attributes Affected CQA 

Recycling Dimensional, Mechanical, Biological 

Mix Mechanical, Biological 

Composition Mechanical, Biological, Physicochemical 

Storing Mechanical, Biological, Physicochemical 

Traceability Mechanical, Biological, Physicochemical 

Sterilizing method Mechanical, Biological, Physicochemical 

Mechanical Mechanical, Biological 

Biological Mechanical 

Physicochemical Mechanical, Biological, Physicochemical 

Material form Mechanical 

Necessary energy for binding Mechanical, Biological, Physicochemical 
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4.8.6 QbD Step 5: Quality Risk Assessment  

4.8.6.1 Overview 

Quality risk management (QRM) is an important element of QbD in order to verify that 

any changes in the product design are comprehended and correctly managed to ensure 

patient safety [494]. QRM ensures high quality product, identifying and controlling 

potential quality risks during development and manufacturing, using a realistic evaluation 

of the true level of risks that can occur [495]. One of the main activities of QRM is the 

risk assessment, where the initial list of potential causes of risk that can affect CQAs can 

be reduced by giving priority to only the most significant risks. Thus, these risks can be 

controlled through the product development process and its life cycle [496]. 

For a successful systematic implementation of any risk assessment, there are several 

QRM tools that need be used [341]. In the case of this study, the selected tools were the 

Ishikawa diagram and the Risk Breakdown Structure (RBS). The Ishikawa diagram, also 

known as fish bone diagram, is used to categorise risks in meaningful groups to facilitate 

the risk analysis process [337]. The Ishikawa diagram is composed of several branches, 

which are used to find and categorise the major influencing factors for a given problem 

[497]. The RBS is a table that depicts a hierarchical structure with descending levels that 

represent an increasing detail of risk sources to organise and structure risks in order to 

facilitate their understanding, communication and management [498]. 

Fig 4.6 illustrates the focus of this present quality assessment study and the tools selected, 

which involves seven key elements. In future research the authors will work on a 

dedicated paper that will be focused on completing the four remaining QbD steps, to then 

develop a Failure Mode and Affects Analysis (FMEA) form containing corrective and 

preventive actions to mitigate all the critical potential failures and risks to prevent 

defective products reach the customer [499, 500]. 
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Figure 4.6. Flow chart of selected quality risk assessment tools, and scope of 

present study. 

4.8.6.2 Risk Identification 

Before risks can be properly managed, they need to be identified. Any factor with an 

uncertain probability of occurring that can influence the outcome of a project is 

considered a risk source or risk hazard. Identifying hazards involves learning as much as 

possible about what things could affect the project or could go wrong, and what the 

outcome for each would be. The risk identification process was conducted by a systematic 

literature search taking into account the CQA, CPP and CMA previously identified. 

However, for an ideal risk identification during product development, all of the 

stakeholders, such as medical doctors, designers and manufacturers, need to have a 

proactive attitude to identify and control potential risks to quality, having a clear 

understanding of the customers, market, process, and the product definition [494].  

The design and manufacturing processes of custom bone prosthesis involves many steps, 

leading to potential mistakes that can occur in any of the workflow processes such as 

medical image acquisition, data transfer, segmentation process, and additive machine 

settings [204]. Moreover, in any of these processes, imperceptible dimensional errors can 

occur affecting the final product accuracy [205]. This results in inaccurate and 

imperceptible distorted models, leading to surgery mistakes and wrong prosthesis 

measurements [206].  

During the image acquisition step, different kinds of errors can occur if the instructions 

provided by the design company and the medical doctor are not strictly followed. 

Therefore, it is important to follow the CT scanning protocol provided. For example, the 

gantry tilt, that is the angle in which the patient is scanned, should be set at zero degrees. 
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If this this is not followed, and the gantry angle is small, it will lead to imperceptible 

errors in the final model [154]. Additionally, is important to not have low resolution 

images nor to compress the images file, because it can lead to loss of information quality 

and cause discrepancies [207]. 

One of the most common errors that occurs in the CT image acquisition process is due to 

a patient’s involuntary movement that can result in distorted images [206]. For example, 

for maxillofacial surgery as little as 1 mm of displacement leads to useless models, and if 

the patient is scanned with a closed bite this will result in an overlap of upper and lower 

teeth [206]. Moreover, metal artefacts in the patient, such as dental amalgam or gold 

fillings can distort the CT images and affect the 3D model [206]. So, to generate a clean 

model, artefacts have to be removed by editing the CT images slice by slice [154]. 

Furthermore, during the image segmentation process of bones, noise can be found 

between boundaries of dense tissues, making it difficult to perform an approximated 

tissue differentiation [206]. This problem can be caused by an incorrect thresholding, 

where the voxels along the boundaries automatically acquire a wrong threshold value 

[204]. This happens because a voxel can only have one threshold value, so if it is located 

in a boundary and is shared by two tissues, it will acquire the threshold value of the 

dominant tissue [204]. Therefore, this is one of the most sensitive processes in the 

workflow [208]. 

Another typical error in 3D printing technologies is the stair step effect. This kind of error 

affects the surface resolution of the 3D printed part and can be caused by the slice 

thickness of the CT images, the part building orientation, the building layer thickness of 

the 3D printing machine, and by a wrong approximation of the freeform shape [209]. 

Nevertheless, these kinds of errors can be minimised, but not be completely eliminated, 

by changing the CT protocol, adjusting the 3D printer machine settings, and by an 

optimization of the STL model [209].  

In traditional manufacturing methods, process monitoring and control have been widely 

employed in academic and industrial applications to ensure process consistency [210]. 

However, in AM, the adoption of process monitoring and control have been used mainly 

in research [211]. This is due to the fact that AM systems involve a multitude of factors 

with high complexity making this task extremely challenging [212]. Some of the variables 

involved are: part orientation [213], layer thickness, hatch spacing, bed temperature 

[214], laser diameter and temperature [167, 215], bed temperature, and cooling cycle 
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[216]. Moreover, In AM systems, machine errors and incorrect machine settings, may 

cause irregularities in the model [209]. Unless adequately monitored and controlled, all 

of these factors will lead to a potential fabrication error compromising material properties, 

dimensional accuracy and biological safety. 

Regardless of the 3D printing system used, cleaning and finishing of post-manufacture 

build parts is necessary [31]. The method to clean 3D printed parts varies according to 

the system used for their manufacture. For example, some systems need to build parts 

with support structures that need to be removed later [123], while powder based systems 

require the cleaning of the build parts from the remaining particles of the powder bed 

[167]. Moreover, depending on the desired surface finish, certain finishing processes are 

needed, such as tumbling and sandblasting [31]. However, porous parts can be affected 

by imperceptible inclusions of particles inside their pores compromising their biological 

safety [217].   

Moreover, residual stress and dimensional distortion can be caused by a uniformly 

heating and cooling in metals, leading to premature failure and fatigue of the 3D printed 

part [218]. Nevertheless, this problem can be reduced using different approaches, such as 

heat treatments [219], the application of ultrasonic impact treatment (UIT) [220] or it can 

be controlled by an optimization of the 3D printing machine settings [218]. Additionally, 

in 3D printing powder based technologies, the distribution of the powder bed particles 

can affect the surface quality of the built part. This can be caused by wear of the coater 

blade, short of feed power [221], and material flowability [222]. 

Overall, a total of 85 main causes that lead to non-conformance quality were identified 

and allocated into the Ishikawa diagram and Risk Breakdown Structure (RBS). To avoid 

some of these risks communication protocols between surgeons, radiologists and 

engineers are essential in conjunction with strict quality control systems during the design 

and manufacturing processes of 3D printed prosthesis and scaffolds.  

4.8.6.3 Ishikawa Diagram 

In this study the Ishikawa diagram is composed of four branches. These branches are 

method, machine, materials and people. The method branch includes those factors related 

to the design and fabrication process. The machine branch compromises the machinery 

and equipment used in these processes. The material branch outlines the materials used 

in each process, and the people branch details the factors related to human resources. 
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Using the Ishikawa diagram, all of the 86 identified risks are segregated according to the 

four categories of the diagram, a summary is presented in Fig 4.7. 

Figure 4.7. Ishikawa diagram, summary of causes of non-conformity to the quality 

of custom 3D printed bone implants. 

4.8.6.4 Risk Breakdown Structure 

The Risk Breakdown Structure (RBS) developed for this study (Table 4.7) consists of 

three hierarchical levels that categorise identified risks sources. In our RBS, each risk 

received a category number according to its hierarchical position that facilitates further 

risk assessment analysis.  Therefore, the first hierarchical level (Level zero) of the RBS 

represents all the risks of non-conformance that affect the CQA of custom 3D printed 

bone prostheses and scaffolds. The second hierarchical level (Level 1) compromises the 

risks that belong to the four branches of the previous Ishikawa diagram, which are 

Method, Machine, Material, and Personnel. The third hierarchical level (Level 2) 

includes each sub-process presented in the design and fabrication workflow map that can 

affect the desired quality. The last columns of the RBS belong to the fourth hierarchical 

level (Level 3). These columns contain the list of the 86 identified risks to non-
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conformance quality, including 178 effects on product quality. Additionally, to each risk 

was assigned a code number to facilitate its identification.   

Table 4.7. RBS of the causes of quality non-conformity in custom 3D printed bone 

prostheses. 

Level 0 Level 1 Level 2 Level 3 

Non-
conformanc
e risks 

1. Method 1. CT 
protocol 

Code Risk Effect Ref. 

1.1.1 Difficulty to implement 
CT protocol. Use of wrong 
CT parameters 

• Model dimension distortion [208, 223] 

1.1.2 Slice increment is too 
large or the slice 
thickness is too big 

• Stair step effect 

• Rough dissolved surface 

• Fail to capture thin bone (mainly in 
facial structures such as orbital walls) 

• Smooths out sharp corners greatly 
affecting the accuracy of sharp vertices 
or acute edges. 

[154, 205, 
209, 223-
227] 

1.1.3 Small radiation dose 
compared to slice 
thickness 

• Noise in images leads to wrong 3D 
reconstruction 

[225] 

2. Image 
acquisition 

1.2.1 Wrong gantry tilt • Distortion of 3D volumetric 
reconstruction 

[154, 224, 
228]  

1.2.2 Patient involuntary 
movement during CT scan 

• Discrepancies in CT images  

• Distortion of 3D volumetric 
reconstruction 

[206, 224, 
227]  

1.2.3 Metallic artefacts • Distortion of 3D volumetric 
reconstruction 

[206, 224, 
227, 228]  

1.2.4 Compressed file or wrong 
file format 

• Discrepancies in CT images  

• Low quality image resolution 

[207] 

3. Image 
segmentatio
n 

1.3.1 Incorrect thresholding or 
algorithm processing 

• Fail to capture thin bone (mainly in 
facial structures such as orbital walls)  

• Larger or smaller models due to wrong 
boundaries 

• Noise in 3D volumetric reconstruction 

• Dimensional variations in the model 

[154, 204, 
205, 207, 
208, 223, 
224]  

4. 3D 
volumetric 
reconstructi
on 

1.4.1 Incorrect mesh 
generation 

• Dimensional variations in the model 

• Noise in 3D volumetric reconstruction 

• Loss of data  

• Fail to capture thin bone 

[204, 207, 
208, 223]  

1.4.2 Incorrect mesh 
optimization or 
refinement 

• Poor and rough surface quality [154, 208]  

1.4.3 Software used • Dimensional variations in the model 

• Noise in 3D volumetric reconstruction 

• Loss of data 

• Fail to capture thin bone 

[204, 207, 
208, 223] 

1.4.4 Conversion from DICOM 
to STL. 

• Dimensional variations in the model 

• Noise in 3D volumetric reconstruction 

• Loss of data  

• Fail to capture thin bone 

[204, 207, 
208, 223]  

5. Design 1.5.1 Software: file conversion 
between STL and CAD 

• Loss of part details such as thin bone 
of the orbital wall, due to incomplete 
data transfer during file conversion 

• Loss of thin bone  

• Floating regions 

[223, 224, 
227]  

1.5.2 Wrong freeform 
approximation 

• Stair step effect [209] 

1.5.3 Wrong implant/scaffold 
design 

• Inclusions of particles inside closed 
cavities 

[167] 

1.5.4 Wrong design (surface 
and unit cell) 

• Wrong implant mechanical properties 
for soft-hard tissue contact adaptation 
(modulus of elasticity) 

[189, 229] 

1.5.5 Close tolerances • Wrong tolerances of the fabricated 
part due to tolerances being geometry 
dependent 

[167] 

1.5.6 Wrong scaffold pore 
design (unit cell), such as 
size, shape, and 
interconnection  

• Insufficient cell density and bone 
regeneration 

[229, 230] 

1.5.7 Insufficient support 
structures 

• Part or surface damage [227] 
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1.5.8 Wrong tolerances • Fusion of trapped particles [167] 

1.5.9 Incorrect material or 
design parameters  

• Part shrinkage and distortion [209] 

1.5.1
0 

Incorrect part orientation 
for fabrication 

• Stair step effect 

• Undesired surface quality

• Orthotropic or transvers isotropic
mechanical behaviour

• Dimensional inaccuracy

• Bad surface quality

• Risk of warping

• Can increase fabrication time

• Leads to dimensional inaccuracies due 
to post machining

[162, 209, 
213, 231-
234] 

6. 
Simulation 
and FEA 

1.6.1 Discrepancies between 
computational simulation 
and experimental data, 
due to inaccurate  micro 
precision in fabrication  

• Inaccurate mechanical and biological 
properties as well as fluid dynamics

[232] 

1.6.2 Errors in joint kinematics 
estimation  

• May affect load computations. [235, 236]  

1.6.3 Inaccurate estimation of 
bone contact forces   

• Implant failure [237, 238]  

1.6.4 Inaccurate estimation of 
bone/implant contact 
forces   

• Inaccurate estimation of micromotion
and stability between bone and
implant

[237, 239]  

1.6.5 Incorrect FEA parameters • Wrong design

• Wrong design optimization

• Wrong implant prediction of
mechanical behaviour

[239] 

7.  
Fabrication 

1.7.1 Inaccurate fabrication of 
micro-features such as 
pore size and shape   

• Reduced biological and mechanical 
performance

• Defective product

[232] 

1.7.2 Localised material 
heating and cooling. 

• Thermal warping or dimensional 
distortion

• Residual stress

• Material microstructure variation

[147, 216, 
218-220,
240]

1.7.3 Material contamination • Defective product due to impurities
higher than max limits

[223] 

1.7.4 Part overhanging features • Undesirable defects [241] 

1.7.5 Residual polymerization • Inaccurate parts [224]  

1.7.6 Fabrication layer 
thickness. 

• Stair step effect in Z direction

• Material density

• Surface roughness

[154, 208, 
209, 214, 
240, 242]  

1.7.7 Large scanning spacing or 
hatch spacing 

• Stair step effect in X and Y directions,
leading to dimensional inaccuracy 

• Insufficient bonding between scan
tracks

• Poor mechanical properties

[209, 214, 
234, 240]  

1.7.8 Low scanning spacing or 
hatch spacing 

• Slowdown the fabrication process

• Increases amount of energy require

• Increases fabrication cost 

[234] 

1.7.9 Laser diameter • Omission of part fine details [167, 224]  

1.7.1
0 

High laser temperature • Part shrinkage 

• Fusion of surrounding particles

• Over-curing or over-sintering

[209, 215]  

1.7.1
1 

Low laser temperature • Slow fabrication process

• Increases fabrication cost 

[234] 

1.7.1
2 

Powder bed temperature  • Variation on part density and
mechanical properties

• Age hardening of material

[214, 234, 
243] 

1.713 Material thermal and 
phase change effects 

• Part shrinkage [240] 

1.7.1
4 

Incorrect cooling cycle • Thermal warping 

• Changes in colour 

• Variation in material microstructure.

• Damage of unsintered powder

[167, 216]  

1.7.1
5 

Part exposition to 
atmosphere when still at 
high temperature 

• Changes in colour [167] 

1.7.1
6 

Different professional 
terminologies  

• Defective product 

• Misinterpretation of different 
terminologies from the different fields
involved.

[244]
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1.7.1
7 

Process documentation 
and expression of 
documents 

• Defective product.

• Inaccurate  product definition

• Inefficient workflow

• Miscommunication and difficulty to
understand different terminologies
from the different fields involved

[244] 

1.7.1
8 

Communication method 
(technology used) 

• Defective product 

• Inefficient workflow

• Inappropriate interpretation of the 
transferred knowledge

[244, 245]  

1.7.1
9 

Difficulty to monitor 
fabrication process 

• Can leads to reduced quality

• Process inconsistency 

• Unreliability

[211, 214, 
246-248]

1.7.2
0 

Inaccurate/inefficient 
material recycling 
method 

• In powdered materials this can lead to
larger particle size, contamination, and
oxidation.

[142, 167, 
216, 249]  

8. Finishing 1.8.1 Removal of supporting 
structures 

• Part damage 

• Lead to surface roughness where 
support structures were allocated

[154, 224]  

1.8.2 Part cleaning (Sand 
blasting) 

• Part damage (changes in part 
dimensions) 

• Inclusions of particles in porous
structures (biological contamination)

[167, 217, 
250, 251]  

1.8.3 Surface modification 
method 

• Discrepancy in mechanical behaviour [252] 

9. Surface 
topography
modification

1.9.1 Surface topography 
modification parameters. 

• Wrong biological performance

• Biofilm formation

[129, 139, 
253, 254]  

1.9.2 Selection of surface 
topography modification 
method. 

• Different biological performance

• Biofilm formation

[254, 255] 

10. Implant 
dimensional 
validation

1.10.
1 

Difficulty locating land 
marks to measure the 
model. 

• Wrong measurement of model [224, 244]  

1.10.
2 

Human error during 
measurement 

• Wrong measurement of model [224, 244]  

1.10.
3 

Dimensional validation 
method 

• Wrong measurement of model [224, 244]  

11. 
Sterilization 

1.11.
1 

Wrong selection of 
sterilization method 

• Implant dimensional changes

• Alteration of surface chemistry and
morphology 

[256, 257]  

1.11.
2 

Inefficient sterilization • Biological hazard, such as viral and
microbial transmission

• Leads to revision surgery

[258-260]  

2. Machine 2.1 Building speed variation • Inaccurate part dimensions

• Defective part

• Higher cooling rates

• Higher material porosity

[209, 234] 

2.2 Misalignment of 
positioning system 

• Inaccurate part dimensions

• Defective part

[209] 

2.3 Part movement during 
fabrication 

• Inaccurate part dimensions

• Defective part

[209] 

2.4 Clogged print head or 
Nuzzle   

• Damaged or defective part [209, 214]  

2.5 Worn coater blade • Low surface quality [221] 

2.6 Short of feed powder • Low surface quality [221] 

2.7 Laser failure • Internal defects

• Undesirable porosities

[217, 261] 

2.8 Random errors in parts 
made by the same 
process, using the same 
material and parameters 

• No identical implants [240]  

2.9 Localised material 
heating and cooling 

• Thermal warping 

• Dimensional distortion

• Residual stress

• Material phase change effects

[147, 216, 
218-220,
240]

2.10 Machine maintenance • Equipment failure

• Inefficiency 

[241, 262]  

2.11 Machine calibration • Dimensional inaccuracies

• Low quality parts

[241, 263]  

2.12 Machine  parameters • Dimensional accuracy 

• Low quality parts

• Unreliable mechanical properties

[214, 234, 
241] 

2.13 Difficulty to monitor 
fabrication process 

• Can leads to reduced quality

• Process inconsistency 

[211, 214, 
246-248]



Chapter 4 

112 | P a g e  

 

• Unreliability 

3. 
Personnel 

 3.1 Poor communication 
between  design team 
and surgeon 

• Inaccurate product  

• Difficulty to predict surgery risks and 
results 

[264, 265]  

3.2 Misinterpretation of the 
transferred knowledge 

• Defective product 

• Inefficient workflow 

• Inaccurate  product definition 

[244] 

3.3 Availability of high 
qualified personal in the 
necessary professional 
skills 

• Can lead to low performance  

• Difficulties in product development  

[266, 267]  

3.4 Material Suppliers • Low material quality [268] 

3.5 Fabrication/design 
suppliers 

• Low quality [244, 268]  

3.6 Deficient personnel traits 
and training  

• High chances of mistakes during design 
and fabrication processes, leading to 
low quality products 

[266] 

3.7 Lack of training and 
experience due to 
introduction of new 
technologies and surgical 
methods (medical doctor) 

• Inaccurate use of implant  

• Higher surgery risk 

[265, 269]  

3.8 Low stakeholders 
involvement during the 
product development 
and design process 

• Incorrect product characteristics [269, 270]  

  3.9 Limited knowledge of 
patient’s current health 
condition an biological 
characteristics  

• Poor preoperative planning 

• Iatrogenic trauma 

• Concomitant injuries and illnesses 

• Longer operation time 

• Increment of revision surgeries  

• Higher infection rate 

• Decreased of bone healing rate 

[271, 272] 

4. 
Materials 

 4.1 Material stored under 
sun light and humid 
places 

• Damage material and contamination 

• Distinct mechanical properties  

[145, 209]  

4.2 Expired material • Inconsistent mechanical properties  

• Inconsistent printing quality 

[209] 

4.3 Wrong material mix (% of 
virgin and % of recycled) 

• Inconsistent mechanical properties [215] 

4.4 Wrong powder particle 
size 

• Incorrect particle bonding, 

• Weaken part areas. 

• Incorrect powder material flowability 

• Decreases fabrication resolution 

[167, 208, 
242, 249, 
273]  

4.5 Wrong material 
characteristics and 
contamination 

• Inconsistent mechanical properties, 
not compliance with regulations 

[167, 241, 
249]  

4.6 Wrong material selection • Reduced implant biocompatibility  

• Reduced life span 

[274] 

4.7 Material reuse times  • Can lead to contamination  

• Increment in oxygen content, 

• Less spherical and rougher powder 
particles  

• Increase in powder flowability, 
Inconsistent mechanical properties 

[167, 215, 
216, 275]  

 

The code consists in a number of 3 digits (i.j.k) if the risk belongs to the Ishikawa branch 

Method, in Level 1, However, for the risks that belong to the Ishikawa branches Machine, 

Personnel, and Material the code number is compose by two digits (i.k). The first digit 

“i” refers to the Ishikawa branch were the risk is allocated. The second digit “j” 

references the sub-process of the workflow map where the risk was identified (note that 

for Machine, Personnel, and Material the digit “j” is not present). The last digit “k” is 

the enumeration of each risk belonging to a sub-process or to one of the Ishikawa branches 

in the case of Machine, Personnel, and Material. 
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4.8.7 Interviews 

A total of six semi-structured interviews were performed in October 2017. To maintain 

the participants’ confidentiality and anonymity a code was assigned to each of them as A, 

B, C, D, E, and F. Overall, the participants’ expertise comprised a good mix of 

researchers, industry experts, and medical practitioners from different fields related to 

medical device development, 3D bone printed implants, motion capture, tissue 

engineering, orthopaedic surgery, bone biomechanics, computational neuromuscular 

modeling, and nano engineered implants. The duration of each interview ranged from 30 

to 90 minutes. Four sets of face to face interviews were conducted in Australia, and two 

via video conference in Australia and USA, (see Appendix B). All interviews were carried 

out by the first author of this paper on a one-to-one basis.  

Overall, the interviewees agree that adapted QbD system of this study can be used to 

achieve the same benefits that the adapted QbD system proposed in this study has strong 

potential to achieve the same benefits that have been delivered in the pharmaceutical 

sector. These four benefits were previously identified in the prior QbD study statistical 

analysis (see Appendix A), namely: process understanding (PU), prediction and 

optimization (PO), reduction of experimental runs (RER), and development of robust 

manufacturing methods (DRM). Moreover, during the interviews the participants 

discussed, opportunities and benefits of applying QbD in this field. 

According to the opinions of participating experts, one of the potential benefits that QbD 

can offer for the development of such products is clearer direction for the product 

development process by providing in-depth understanding of the numerous factors 

involved in it, allowing a better definition of product boundaries, targets, and potential 

modifications. Moreover, according to participants’ comments the results of the 

adaptation of the QbD can enhance current design practices and accelerate product 

development by breaking down the whole development process into easily 

understandable sections that can independently be developed under the same goal. This 

will result in a more efficient process ultimately leading to a reduction in product 

development time, and risk. Furthermore, a good feature of QbD is that it “can act as an 

insurance for innovation to be truly examined and analysed” (Participant A). Moreover, 

“having the backing of QbD it will definitely assist innovation towards 

commercialization” (Participant E). All this can be possible due to the fact that QbD is a 

tool that facilitates a complete understanding of the product and its fabrication processes, 
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requiring less testing of products and ideas to find optimal ranges of operation that then 

can be extrapolated to invent new products. 

Other potential benefits identified by interviewees was that QbD can facilitate 

communication between experts, because it breaks down the whole development process 

into coherent and manageable elements. Moreover, it was mentioned that the use of QbD 

and computational modelling will be critical for the development of personalised 

biological implants. Furthermore, three participants identified that there is a need for 

regulations in this emerging area and QbD would be a good framework to guide relevant 

regulatory bodies (e.g. FDA in the USA and TGA in Australia) to develop new quality 

standards for emerging customized medical products. One interviewee summarised their 

perceived benefits of a structured QbD framework in the following statement “they can 

function better, break less, and give better outcomes” (Participant C). 

4.9 Discussion 

Implications for Researchers, Practitioners, and Industry  

In this study we have provided a foundation for future studies to adapt the QbD approach 

for 3D printed bone implants. Therefore, our study offers the opportunity to refine and 

validate the concepts and constructs that emerged from it. Moreover, this early adaptation 

of the QbD approach can be used to assist and guide the early planning of the design and 

prototyping phases of any custom 3D printed bone implant in order to optimize research 

activities and resources, while controlling risks, improving quality and reducing costs. 

In addition, practitioners can benefit from this research because 3D printing and QbD are 

providing the opportunity to design better products utilizing their experienced input in the 

design process. This represents an opportunity for specialists to compete, and be part of 

this growing market. Consequently, the future of the custom bone implants market can be 

driven by medical doctors with design skills and a deep product understanding to maintain 

a constant feedback for product improvement, based on their direct contact with patients. 

Furthermore, the QbD approach can provide well-established design and manufacturing 

procedures to the 3D printed bone implants industry as has been shown in the 

pharmaceutical sector. Consequently, these robust procedures can be translated into 

quality improvement and reduced failure rates. Moreover, this adaptation of QbD will 
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help the industry to optimize resources and accelerate product development time frames 

for 3D printed bone implants. 

4.10 Future Directions 

Future work seeks to: build the foundation of the three remaining steps of the QbD 

framework; generate detailed specifications for all elements of each step of the QbD 

framework for specific types of 3D printed bone implants; refine and quantify risks 

through a structured interview process; and finally implement the QbD framework (i.e. 

case study implementation). Collaboration with researchers, medical practitioners, 

additive manufacturing experts, and other appropriate industry practitioners is required to 

complete these pertinent research activities.  

4.11 Limitations 

The information available for this study was limited by the relatively recent repository of 

data available in peer reviewed journals compiled for the systematic search process, and 

by the challenge of obtaining opinion from the small community of experts working in 

this emerging field. To generate a more comprehensive QbD adaptation and risks 

assessment, it is necessary to collaborate with a large multidisciplinary team of specialists 

in this area, such as researchers, engineering designers, manufacturers and practitioners; 

this work will be subject for future research by the authors. However, despite these 

limitations, this current study was able to formulate and validate the architecture for the 

first five steps for the QbD framework, develop a detailed work-flow map of key 

processes, identify critical risks, and accurately allocate these risks to their sources and 

potential impacts. 

4.12 Concluding Remarks 

Additive manufacturing is a paradigm shift for the medical device industry, innovatively 

changing the way that customized bone prostheses and scaffolds are designed and 

manufactured so as to extend product life and fulfil each customer’s needs. However, this 

new technology in the medical market is limited by a lack of standards and quality 

assurance, leading to a deficiency in confidence by practitioners and consumers. 
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Additionally, these issues, in conjunction with unproductive trial-and-error studies, are 

leading innovative products to die prematurely in the ‘Valley of Death’ due to high 

development costs, preventing new developments reaching pre-clinical and clinical 

studies to demonstrate product safety, and obtain regulatory approval. To address some 

of these problems, we propose the implementation of the QbD approach as it provides a 

strong framework for guiding research and practice in this emerging manufacturing 

technology and paves the way to ensure error-free 3D printed bone implants for 

consumers.  

The aim of this study was to formulate and validate the first five steps of the QbD 

approach for the early development of custom 3D printed bone implants. The main 

outcomes of this work are: a detailed workflow map for the design and fabrication of 

custom 3D printed bone implants; and a RBS, which describes 86 risks that lead to quality 

non-conformances, and the associated 178 potential undesirable effects on product 

quality. The workflow map proposed by this study was developed to provide a more 

detailed picture of the activities involved in each process. This will aid future studies to 

take the most feasible route according to the implant’s desired outcomes, complexity and 

chosen characteristics. The RBS developed in this study will facilitate future studies by 

identifying the most critical areas or activities related to the design and fabrication 

processes of such products and to be able to formulate adequate strategies and 

contingency plans to control these risks. Therefore, the developed QbD framework, in 

conjunction with adequate quality assurance technologies, can help to achieve better 

product and process understanding in order to develop within the established limits more 

robust design and manufacturing methods for 3D printed bone prostheses and scaffolds, 

as has been proven in the pharmaceutical sector. Consequently, these robust procedures 

can be translated into quality improvement and reduced failure rates, which will lead to 

heightened confidence in this emerging manufacturing technology. However, to achieve 

this, industry, researchers, and practitioners need to be greatly involved. Consequently, 

collaborative efforts are needed for the development and sharing of best practices in order 

to promote the use of this technology to foster innovation in this area. 
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Quality by Design for industry translation: three-dimensional 

risk assessment failure mode, effects and criticality analysis for 

additively manufactured patient-specific implants  

Abstract: The complexity of patient-specific implants combined with the current limited 

expertise in reliability engineering and manufacturability in the additive manufacturing 

sector is posing a number of quality performance challenges. Worldwide medical device 

regulatory bodies are facing increasing pressure to devise adequate standards to ensure 

long-term patient safety and product performance. The implementation of the Quality by 

Design (QbD) system to titanium 3D printed bone implants offers a proven system to 

ensure that products are designed and manufactured correctly from the beginning without 

errors. This paper reports on the development of a Failure Mode, Effects and Criticality 

Analysis (FMECA) coupled with a 3D risk assessment approach. This integrated 

approach is based on a questionnaire performed with three industry firms and three 

university research groups with significant experience and expertise in medical device 

product development and/or research in this field. Research outcomes include a FMECA 

form containing 137 failure modes (FMs) with AM materials, AM machine general, 

Fabrication EBM machine, and Finishing being as the most sensitive process areas in 

terms of product quality. We subsequently proposed corresponding preventive and 

corrective strategies for risk mitigation. The approach forms part of the QbD system being 

developed by the authors specifically for additive manufactured titanium patient-specific 

implants. 
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5.1 Introduction 

5.1.1 A Need for Reliability 

Additive manufacturing (AM) can be used to fabricate custom medical devices with 

complex geometries that were not previously possible with traditional manufacturing 

methods [31]. As a result, there is rapid market growth in the availability of 3D printed 

bone implants that offer personalised solutions for reconstruction following trauma and/or 

replacement of diseased bone [34]. To gain first mover advantage many medical device 

companies invest in designing complex, innovative products at the expense of long-term 

reliability and manufacturing control efficiency [6]. Consequently, defective orthopaedic 

products such as knee and hip prostheses rank fifth in medical product recalls, of which 

48% are caused by manufacturing issues and 34% by design flaws [6]. 

Rapid growth in the patient-specific bone implant market creates new risks and 

challenges, which in combination with insufficient investment in reliability engineering 

and manufacturability in AM, exposes the industry to high risk of product failure [301]. 

This is because long-term product quality and performance is not yet established [34, 501, 

502]. Moreover, medical regulatory bodies are confronted with updating standards to 

enable innovation whilst also ensuring long-term patient safety and product performance 

[6, 31, 32]. Therefore, it is imperative to increase current focus on product quality by 

encouraging companies to adopt best practices drawing on experience from within and 

outside industry learning. 

5.1.2 Designing Towards Reliability 

The Quality by Design (QbD) system, created by Joseph Juran and adopted by the US 

Food and Drug Administration (FDA), offers a systematic product development method 

for research and industry to develop medical devices around regulatory requirements and 

quality assurance strategies [34, 37]. The QbD system aims to carefully design quality 

products and accelerate their development by focusing on the early stages of the product 

development life cycle. As a result, processes with less variability can be achieved to 

meet critical quality requirements, and minimise risks and costs, thus producing high 

quality products. 
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Quality risk assessment is an important element of the QbD system and ensures that any 

changes in product design are understood and correctly managed to guarantee patient 

safety [494]. The risk assessment process compromises three main steps: risk 

identification; risk analysis; and risk prioritization. Risk identification is undertaken by 

developing of a list containing all potential failure modes (FM) that can potentially affect 

the product, system or project that is being analysed. The risk analysis process focuses on 

the rating of the identified risks in relation to their probability, severity, and detectability. 

Risk prioritization identifies the most critical risks for a further risk analysis [363]. 

Almost every industry has its specific risk assessment guidelines that need to be followed 

in order to comply with their required industry quality standards [503]. The guideline for 

quality risk assessment for pharmaceutical development ICH Q9 provides a systematic 

approach, introducing some of the tools for effective risk-based decisions [340]. In the 

case of medical devices ISO 14971:2007 is the standard risk management procedure 

required by the US Food and Drug administration (FDA) and the European Commission’s 

(EC) Medical Device Directive for medical devices [504]. The integration of these 

guidelines describes the minimum risk assessment requirements to move toward 

implementation of QbD for complex medical devices such as patient-specific implants.  

Both guidelines encourage the use of available information from different sources (e.g. 

journal articles, international standards, customer feedback, etc.) to identify harms and 

hazards, and to estimate risks using techniques, such as the Fault Tree Analysis, Hazard 

and Operability Study (HAZOP), and the Failure Mode, Effects, and Criticality Analysis 

(FMECA) [340, 505]. However, FMECA and ISO 14971:2007 approaches are rarely 

carried out in an integrated manner, either in theory or in practice [506]. The FMECA is 

a very powerful and effective analytical tool developed by the Grumman Aircraft 

Corporation for the NASA Apollo Program [507] and is widely used in different 

industries such as defence, shipbuilding, medical, and insurance [508] to test system 

safety and the reliability of designs and processes [509, 510]. The FMECA documents 

the most critical risks of failure in a system design, determines the effect of each failure 

on the product, and ranks each failure according to its detectability, severity, and 

probability of occurrence. The FMECA thus facilitates the identification of preventive 

and corrective actions for risk mitigation [340, 500, 507] leading to higher quality, 

enhanced safety and higher reliability [510].   
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5.2 Purpose and Objectives 

Traditional academic research focuses mainly on understanding new phenomena and the 

invention of technologies, with little focus on clinical translation. One of the reasons for 

this lack of focus on clinical translation is that it requires new ideas to be designed a priori 

around regulatory requirements and quality assurance strategies [293]. To date, the 

quality assurance of patient-specific implants has been carried out in the medical device 

industry without any specific standard for these products [300]. As a result, there is a 

critical need for research developments aimed at facilitating regulatory approval of AM 

for clinical translation [45, 293]. This gap in research prompted the authors to develop a 

comprehensive FMECA for the design and fabrication of titanium 3D printed bone 

implants following the ICH Q9 guideline [340] and the American national standard ISO 

14971 [361]. To achieve this goal, the following objectives were set: 

• Identify the most critical risks through soliciting in-depth responses from experts

employed by relevant industrial firms and university research groups (i.e. cases of

study).

• Conduct a 3D-based FMECA with a 3D risk management approach, using data

collected from case studies to assess and rate the identified risks.

• Develop appropriate mitigation and preventive strategies for the most critical risks

identified in the 3D-based FMECA.

5.3 Scope 

Recently published work of the authors described the steps 5.1 to 5.3 of the QbD risks 

assessment procedure developed specifically for AM patient-specific bone implants and 

scaffolds. This prior study resulted in a comprehensive design and fabrication process 

flow diagram, and a risk breakdown structure (RBS) containing 86 failure modes (FM) 

that lead to quality non-conformances, and 178 potential undesirable effects on product 

quality [34]. The current study extends on this prior work, focusing on steps 5.4 to 5.7 of 

the QbD risk assessment procedure for the design and fabrication of AM patient-specific 

bone implants and scaffolds (Fig 5.1). 
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Figure 5.1. Principal steps of QbD risk assessment procedure addressed in this 

study. 

5.4 Materials and Methods 

5.4.1 Research Design 

To the authors knowledge there is no empirical research describing how companies in the 

sector of AM patient-specific bone implants deal with product quality. FMECA and ISO 

14971 are seldom performed in an integrated manner [506]. Therefore, a semi-qualitative 

exploratory investigation based FMECA was conducted in this study. Conducting risk 

assessment studies requires the gathering of primary data in the form of expert judgement 

from key individuals such as managers, workers, and technical staff. This expert 

judgement is vital in the risk assessment process to evaluate the criticality of risks, to 

incorporate scientific data in the body of evidence on how to handle these risks with 

sufficient flexibility, and to consider and resolve aspects that are particularly critical in a 

specific case [362]. The primary data for this type of research is general gathered through 

interviews and questionnaires to extract expert knowledge about experiences, beliefs, or 

opinions [349, 365, 377]. To enhance the reliability of data collected for risk assessment 

research it is recommended to include the Delphi method [363]. The Delphi method helps 

researchers to obtain the most reliable consensus opinion of the group consulted [364]. 

Furthermore, when a heterogeneous profile group is required, this method allows for the 

removal of biased responses within the surveyed group by avoiding direct confrontation 

with participants [364].  

As a result, the research team of this study conducted semi-structured face-to-face 

interviews combined with the Delphi method with selected firms and research groups 

having expertise in AM patient-specific bone implants, in order to perform the above-

mentioned risk assessment steps. The nature of the data to be collected in this study is 
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considered semi-qualitative [511] and is reported following the consolidated criteria for 

reporting qualitative research (COREQ) [360]. Additionally, gathered numerical data 

from study participants (i.e. FM incidence reports) was also considered in the study, but 

due to the infancy of the industry and insufficient sample size, are not presented in a 

statistical manner [512].  

The main objectives of the in-depth risk assessment interviews were to: (1) Identify the 

most critical FM within the design and fabrication of AM titanium patient-specific 

implants; and (2) Identify preventive and corrective actions to mitigate and control the 

most critical risks. A semi-structured interview was designed to guide the participants 

through the different sections of the risk assessment questionnaire. The 86 FM were 

classified into eight different groups and each participating case study organization was 

only requested to assess the FM groups related to their expertise.  

5.4.2 Case Study Sample Selection Criteria 

According to ISO 14971 [361] the risk assessment process for medical devices requires 

the involvement of several representatives with expertise in different stages of the medical 

product life cycle. Therefore, the criteria to select the participants for this study was based 

on their experience and expertise in medical device product development. Specifically, 

the selection of case study industry and research organisation participants required that 

they had to satisfy at least one of the following criteria: (1) Companies that manufacture 

patient-specific implants and/or medical devices; (2) Companies that design patient-

specific implants and/or medical devices for AM; (3) Research groups in the field of 

tissue engineering based on medical imaging; (4) Research groups in the field of AM; (5) 

Research groups in the field of 3D medical image processing; and (6) Research groups in 

the field of patient-specific implants. The sample size was limited by the nature of the 

research field, which is characterized by small specialist firms and research groups [378]. 

Therefore, the snowball sampling method was selected since it allows further study 

participants to be suggested or introduced from the interviewees network [377].  

When there is limited information about the topic, a qualitative approach is more suitable 

to capture textual data from a few selected cases [347]. Thus, it is noteworthy to mention 

that currently, the use of AM in biomedical industries is limited with a relatively small 

number of international companies producing titanium patient-specific bone implants. 

Many of these companies are not open to researchers and open sharing of knowledge due 
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to intellectual property concerns. This study sought to extract in-depth knowledge on AM 

processes and practices from companies and research groups that were open to knowledge 

sharing. The niche size of the biomedical AM industry and the limited number of 

companies willing to share in-depth information necessitated that the research team focus 

on a sample of comprehensive case studies. Therefore, the sample size was limited by the 

nature of the research field, which is characterized by small specialist firms and research 

groups, but with in-depth and comprehensive data collection [378]. Taking this limitation 

into consideration, this study selected the snowball sampling method since it allows 

further study participants to be suggested or introduced from the interviewees network 

[377]. 

5.4.3 Data Extraction and Analysis 

Semi-structured interviews are used to gather qualitative data and enable the researcher 

wants to ask additional questions to thoroughly understand the answers provided [351]. 

Face-to-face interviews are also known to have the highest response rate in survey 

research [513]. Further, face-to-face interviews capture the most detail of both verbal and 

nonverbal communication. This data collection method provides the opportunity to 

establish rapport with participants, allowing the researcher to clarify ambiguous answers 

during the interview [513]. As a result, the team selected face-to-face interviews as the 

main data collection method for this research. These semi-structured interviews were 

performed with experts on the previously identified list of risks in order to conduct a 

detailed risk assessment process [34].  

To ensure that each interview was performed in a consistent manner, an interview guide 

and a protocol were developed following the COREQ [360]. The semi-structured 

interviews applied a three phase Delphi method [363]. The first phase has been previously 

reported and involved a systematic literature search to identify risk factors related to the 

design and fabrication of AM patient-specific implants [34]. Eighty-six FM risk factors 

were identified that lead to quality non-conformances and 178 potential undesirable 

effects on product quality; these factors were categorized into a risk breakdown structure 

(RBS).  

The second phase consisted face-to-face interviews and a questionnaire with relevant 

experts belonging to the participant firms and university research groups. During each 

interview the participants were asked to evaluate only those FM inherent to their areas of 
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involvement and responsibility within the design or fabrication process of AM patient-

specific implants. Each FM in the list, was ranked by each participant using three different 

variables: the likelihood of not detecting the failure (D), severity of the failure (S), and 

the frequency of failure (O), as shown in Table 5.1. A ten-point (i.e. 1 to 10) assessment 

scale adapted scale was used in this study as it is easy interpret and provides precision 

and accuracy in the ranking quantification process [500, 514], as shown in Table 5.2. 

Nonetheless, to facilitate the rating process, the participants were asked to rate each 

variable in a linguistic manner rather than by using precise numerical values [508].  

Moreover, due to a lack of available historical information for this relatively new AM 

process, the actual probability of occurrence for each risk was determined using experts’ 

perceptions, experience, and knowledge [514]. This evaluation also included an open-

ended section where participants added their comments about preventive and corrective 

actions to control and mitigate each FM (Table 5.1). Moreover, participants could add 

new FM deemed to be important. The third phase sought to resolve disagreements using 

the following procedure. If the numerical value fell between two adjacent numbers, the 

higher number was always selected, however, if the participants provided ratings that 

were more than one rating category apart, the results were sent back by email to each 

participant for a second evaluation in order to produce risk rating consensus. 

Table 5.1. Sample extract of the FM questionnaire containing the corresponding 

spaces to rate each risk based on S, O, and D including two cells to add their 

corresponding preventive and corrective actions. 

Level 1 Level 2 Level 3 

1
. M

et
h

o
d

1. CT
protocol

Code 
Failure 
mode 

Effect Severity Occurrence Detection 
Corrective 
action 

Preventive 
action 

1.1.2 

Slice 
increment 
is too 
large, or 
the slice 
thickness 
is too big 

• Stair step effect 

• Rough dissolved
surface 

• Fail to capture thin
bone (mainly in facial 
structures such as
orbital walls)

• Smooths out sharp
corners greatly 
affecting the 
accuracy of sharp
vertices or acute 

edges.

2
. M

a
ch

in
e

2.7 
Laser 
failure 

• Internal defects

• Undesirable 
porosities
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Table 5.2.Summary of semi-qualitative scale for Severity, Occurrence and 

Detection adapted from [500, 514].

Score Severity Occurrence Detection 

10 Hazardous 
Extreme high: failure almost 

inevitable 
Absolute uncertainty 

9 Serious Very high Very remote 

8 Extreme Repeated failures Remote 

7 Major High Very low 

6 Significant Moderately high Low 

5 Moderate Moderate Moderate 

4 Low Relatively low Moderately high 

3 Minor Low High 

2 Very Minor Remote Very high 

1 None Nearly impossible Almost certain 

After obtaining consensus from the Delphi method, the data was used to identify the most 

critical FM using the 3D risk priority matrix [515]. The goal of this stage was to 

determine the level of criticality in order to focus on the most important FM. The 3D risk 

priority matrix developed in this study (Fig 5.2a) is a volumetric cube composed of ten 

volumetric layers, parallel to the XY plane. These volumetric layers correspond to the 

ranking values of D from 1 to 10. Each volumetric layer creates a unique Probability and 

Impact (PI) Matrix according the D ranking, as shown in Fig 5.2b. Different types of risk 

matrices are currently used in industry and research. However, there is no  universal or 

standardised approach to construct a risk matrix [515]. The 3D risk priority matrix 

developed in this study is composed of four different regions that follow the Pareto 

principle “the vital few and the trivial many” meaning that 80% of the effects come from 

20% of the causes [37]. The four regions in the 3D risk priority matrix are represented by 

four colours according the magnitude of the risk. The trivial many in the 3D risk priority 

matrix corresponds to the green and yellow regions, which together represent 76.8% of 

the total volume of the cube, as presented in Fig 5.2c. The green region contains risks that 

are low. Risks on the yellow region are moderate risks that require some consideration. 

The remaining 23.2% of the cube’s volume is composed of the orange and red regions. 

Risks within the orange region are high risks that are important to manage. Risks within 

the red region correspond with catastrophic risks need special attention and a detailed risk 

management plan.  
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Figure 5.3. a) 3D risk priority matrix; b) The volumetric layers of the 3D risk 

priority matrix; c) The four volumetric regions of the 3D risk priority matrix 

distributed according to the Pareto principle. 

To identify the most critical risks, three steps need to be followed. Firstly, it is necessary 

to categorize each risk according to its detectability D. For this purpose of identifying 

what PI Matrices are required. The second step requires the allocation of each risk within 

its’ corresponding PI matrix in order to identify its criticality in respect to both severity 

and occurrence [516], as presented in Fig 5.3. Each PI matrix is a simple mechanism to 

increase the visibility of risks based on the probable outcome of a hazardous event [517]. 

For this purpose, it is necessary to calculate the risk priority number (RPN) which is 

obtained by multiplying the variables D, S, and O (i.e. 𝑅𝑃𝑁 = 𝐷 × 𝑆 × 𝑂) [500].  

The RPN is a decision factor that identifies those elements that are the most likely 

contributors to the low quality of the final product [500]. The resulting RPNs facilitate 

allocation of each FM within the PI matrices, that allows these high to extreme risk 

priorities to be examined further, and for the level of difficulty for the risk being detected 

to also be considered [518]. The relationship between RPN and risk level is presented in 

Table 5.3. The third step is the identification of the most critical FMs, which are those 

a) b) 

c)
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with RPN scores higher than 250, located in the orange and red areas of the 3D risk 

priority matrix. Subsequently, this the results of both the risk assessment and the 

interviews are combined to undertake, the FMECA, which contains all the identified 

critical FM with their corresponding mitigation and preventive actions based on the 

judgement and experience of the participants in this study. Furthermore, a further analysis 

of the RPNs is performed to identify the most problematic activities within the design and 

fabrication processes of patient-specific implants. For this purpose, it was necessary to 

calculate the relative importance (RI) of each sub-process based on the sum of all the 

RPN of all FM within them. The results of the RI are then plotted in a Pareto chart to 

identify the most critical processes that require more attention. This process is required, 

because each activity within the design and fabrication processes of patient-specific 

implants has a different number of FM. Therefore, it is important to identify the sub-

processes that require more attention in order to design strategies to improve the overall 

quality of the most critical processes. 

Figure 5.4. Example of two different IP matrices with their corresponding RPNs 

based on S, O, and D. (a) IP matrix for detection level 10; (b) IP matrix for 

detection level 7. 

Table 5.3. RPN score range, risks level description and required actions. 

RPN Risk level Required action 

499 < RPN ≤ 1000 
Red: 
Catastrophic 

Must be mitigated with a detailed action plan 

250 < RPN ≤ 499 Orange: High 
Immediate mitigation based on research and management 
planning  

100 < RPN ≤ 249 
Yellow: 
Moderate 

Require specific monitoring or response procedures 

RPN ≤ 100 Green: Low Acceptable, can be managed with routine procedures  
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5.4.4 Study Participants 

Twelve invitations were sent to different companies and research groups in America, 

Europe, and Oceania. Three companies and three research groups agreed to participate in 

this study, representing a response rate of 50% (Table 5.4). A total of 13 one-on-one 

interviews were performed between June 2018 and April 2019 with pertinent experts in 

AM, quality control, patient-specific implant design, motion capture, computational 

neuromuscular modelling, nano-engineered implants, and medical image processing. The 

interviews were performed at the headquarters of each company and university research 

group according to the developed protocol and the interview guide. The duration of each 

interview ranged from 45 to 60 minutes. At the beginning of each interview, participants 

provided informed consent. To protect confidentiality and anonymity of each 

participant’s organization they will be referred as organization A, B, C, D, E, and F.  

Table 5.4. Summary of participant organization and expert interviewee’ details. 

Organization Title Years of Experience Location 

A 
Chief Technology Officer 11 

USA 
Head of R&D 11 

B Post-doctoral researcher 8 Australia 

C Post-doctoral researcher 4 Australia 

D 
Post-doctoral researcher 6 

Belgium 
Post-doctoral researcher 5 

E 

Director of R&D 23 

Germany Head of Additive Manufacturing 7 

Clinical Engineer R&D 6 

F 

Head of Additive Manufacturing Group 7 

Lithuania 
Head of Product Quality 5 

Quality Manager 15 

Head of Clinical Engineering Research group 6 

The participant companies A, E, and F are companies that are dedicated to the design and 

manufacture of patient-specific implants with AM. However, it was found that each 

participant company used a different AM system to produce their products. Company A 

is a three-year-old small company that use their own developed AM system to produce 

components for different industries including patient-specific medical devices. On the 

other hand, company E and company F are medium size companies solely dedicated to 

the design and manufacture of patient-specific implants, with 6 and 5 years of experience 

respectively in the AM implant market. Company E produces their products with Arcam 
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Q10plus Electron Beam Melting machines, and company F uses an EOSINT M 280 

Direct Metal Laser Sintering (DMLS) system.  

The participants research groups B, C, D are specialised in different fields related to 

patient-specific implants such as motion capture, bone biomechanics, computational 

neuromuscular modelling, and nano-engineered coatings for orthopaedic and dental 

implants. The years of experience of the interviewees ranged from 4 to 23 years. 

5.5 Results 

5.5.1 FMECA of AM Patient-Specific Bone Implants 

The main purpose of a quality risk assessment is to identify the most critical risks in order 

to design corrective and preventive actions to mitigate their effects on product quality. A 

prior completed systematic literature review by the authors identified 86 FM that lead to 

quality non-conformances, including 178 potential undesirable effects on product quality 

[34]. These risks were first classified using the Ishikawa method into four main groups: 

(1) Methods; (2) Machine; (3) Personnel; and (4) Materials. A further risk classification

using a risk breakdown structure (RBS) was performed based on the main activities and 

sub-processes required to design and fabricate patient-specific implants. During the 

interviews in this present study, a further of 51 new FM (i.e. 86+51 = 137) and 3 new 

workflow activities were identified. Using this information, the previous RBS was 

updated to comprise 17 activities and sub-processes where 137 FMs were allocated. The 

17 activities and processes covered in this study are: materials; fabrication; AM machine 

general; EBM AM machine; laser-based AM machine; finishing, design; simulation and 

FEA; CT and MRI protocol; surface coating; personnel; volumetric reconstruction; 

sterilization; image acquisition; marking and packaging; and image segmentation. It is 

noteworthy to mention the section of the RBS dedicated to AM machines was divided in 

three sub-sections. The first sub-section of AM is “AM machine general” which contains 

the FM related to most AM system. The second sub-section is “EBM AM machine” which 

have only the FM related to EBM systems. Finally, the third sub-section “laser-based AM 

machine” contains only the FM associated with laser-based AM systems. 

The new RBS was then used to identify the most critical FM based on the rating of D, S, 

and O provided by each participant according to their knowledge and expertise. 

Following this procedure, a FMECA table was created containing the RPN score of each 
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FM and their corresponding corrective and preventive measures, as presented in the 

Appendix H.  

From the FMECA a total of 13 risks were found to be ‘high’ or ‘catastrophic’ representing 

9.49% of the total risks (Fig 5.4). The remaining 124 risks were determined as being non-

critical risks with 24.09% and 67.88% distributed in the yellow and green regions, 

respectively in the 3D risk priority matrix (Fig 5.4). The distribution of the 13 most critical 

risks within the 3D risk priority matrix, is presented in Fig 5.5. According to the 3D risk 

priority matrix (Fig 5.5) it can be seen that thermal and phase change effects, AM powder 

contamination, cross contamination, and inadequate sand blasting were rated with a D 

score of 10, meaning that without the proper tools and strategies their timely identification 

is absolutely uncertain. On the other hand, the FM AM material suppliers, process 

documentation, and AM machine maintenance were scored with a detectability rating (D) 

between moderately high and high, but despite their easy detectability of these risks they 

were found to be critical due to their hazardous and serious consequences, if they are not 

appropriately mitigated. The identification of the most critical risks enabled the 

researchers to focus on the pertinent FM risk mitigation strategies to address them. These 

mitigation strategies can be preventive, corrective or both and were proposed by the 

interviewed experts also reported in the literature, as shown in Table 5.5. Furthermore, it 

was found that the 13 most critical risks are located within 5 distinct categories in the 

RBS. These categories are: AM materials; AM machine (divided in three sub-categories: 

AM machine general, EBM AM machine, and Laser-based AM machine); Fabrication; 

Finishing; and Design. Therefore, a further risks analysis was performed and presented 

in the following section. 
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Figure 5.5. Relative frequency pie chart showing the distribution of risk levels 

identified by identified by FMECA.

Figure 5.6. The 13 most critical risks of the FMECA located in the 3D risk priority 

matrix. 
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Table 5.5. FMECA form, containing the most critical risks 

Code Failure mode Effect 
Corrective 
action 

Preventive action RPN Ranking 

1.7.8 
Thermal and phase 
change effects 

Part deformation, changes in 
material microstructure, and 
residual stresses. 

Application of 
heat treatments 
such as stress 
relief and 
annealing. 

Perform thermo-
mechanical simulations to 
predict residual stresses 

and product distortion. 

Can be compensated 
enlarging the CAD model 
with a fixed compensation 
factor. 

Optimize process 
parameters like 
laser/electron beam 
power, scanning speed 
and scanning spacing etc. 

Set the machine 
fabrication hatch to a 
crossing in-fill pattern 

Use real-time AM process 
monitoring systems. 

1000 1 

1.8.5 
Cross-contamination 
during blasting due to 
different materials used 

Negative influence of 
component properties due to 
contamination (e.g. unwanted 
interstitials). 

Use micro-CT 
scanner to identify 
particles. 

Extraction of 
powder particles 
from cavities e.g. 
ultrasonic 
cleaning. 

Worst case reject 
component. 

Provide training. 

Develop procedure guides. 
900 2 

4.9 

Omitting of regular 
powder examination due 
to human failure; lack of 

procedure definition 

Negative influence of 
component properties due to 
non-compliant powder 
properties (oxygen pick up, 
humidity, ...) 

Perform powder 
examination 
procedure. 

Use a quality management 
software that can provide 
reminders. 

Develop a monitoring 
system with defined 
examination intervals. 

Develop procedure 
guidelines, checklists, and 
powder traceability 
documentation. 

810 3 

5.13 
Omitting sieving of 
powder 

Contamination of the powder 

Negative influence of 
component properties due to 
contamination; 

Perform sieving 
process 

Perform powder 
examination 
procedure 

Provide training. 

Develop recycling 
procedure guides, 
checklists, and powder 
traceability 
documentation. 

810 4 

2.1.1 
Omitting inspection of 
material metallizations in 
EBM machine chamber 

Contamination of the powder; 
Negative influence of 
component properties due to 

contamination. 

Material metallizations effects 
on: 
- Rake blades
- Used Heat Shields
- Build chamber

- Cone & Foil 

Each fabricated 
component should 
be thoroughly 
inspected (visual, 
micro CT) to 
identify defects 
and material 

contamination. 

Perform cleaning 

activities. 

Provide training. 

Develop operating 

procedure guide. 

Develop an operating 
checklist. 

Perform cleaning activities 
before and after each 
fabrication process. 

576 5 

2.3.7 Machine maintenance 
Equipment failure. 

Inefficient fabrication process. 

Perform 
maintenance 

Perform in-house 
validation of 
machine 
performance. 

Technical support 
with providers. 

Provide training. 

Develop preventive 
maintenance procedure 
guides, checklists, and 
documentation. 

Use real-time monitoring 
systems. 

Have maintenance and 
extended warranty 
agreements with 
providers. 

378 6 

1.8.2 Inadequate sand blasting 

Inclusions of particles in 
porous structures (biological 
contamination) Geometrical 
deviation of parts 

Use micro-CT 
scanner to identify 
particles. 

Extraction of 
powder particles 
from cavities e.g. 

Provide training. 

Develop procedure guides. 
350 7 
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ultrasonic 
cleaning. 

Worst case reject 
component. 

1.7.12 

Process documentation 
and expression of 
documents 

Defective product 

Inaccurate product definition 

Inefficient workflow 

Miscommunication and 
difficulty to understand 
different terminologies from 
the different fields involved. 

Repeat process. 

Develop the 
necessary 
documentation 
and reports. 

Develop appropriate 
information systems and 
documentation. 

Develop process maps, 
workflows, checklists, 
guidelines for activities 

and processes. 

Develop a commonly 
agreed language and 
vocabulary for an 
adequate communication 
with staff and clients. 

Develop documentation 
containing fully defined 
requirements, testing 
results, checklists, and 
control diagrams to track 
product quality. 

Perform project post-
mortem reports containing 
failures and solutions to 
minimise duplication of 
effort. 

300 8 

4.8 Material suppliers 

Poor quality. 

Poor supplier service and 
involvement. 

Remote geographical location. 

Supply chain disruption. 

Delay delivery. 

Lack of experience in 
suppliers’ risk management. 

Select a better 
supplier 
considering all the 
preventive 

actions. 

Procure powder material 
from AM equipment 
manufacturers. 

Select powder materials 
with similar properties 
than validated material. 

Select material suppliers 
with at least 5 years of 

experience. 

Request powder 
certificates and material 
data sheets with powder 
material properties. 

Selected suppliers that 
have quality management 
programs such as ISO 
9001, AS9100, or ISO 
13485. 

300 9 

2.2.5 

Omitting inspection of 
material metallizations in 
DMSL machine chamber 

Contamination of the powder; 
Negative influence of 
component properties due to 
contamination. 

Material metallizations effects 
on: 

- Laser optical lens
- Rake blades
- Build chamber

Each fabricated 
component should 
be thoroughly 
inspected (visual, 
micro CT) to 
identify defects 
and material 
contamination. 

Perform cleaning 
activities. 

Provide training. 

Develop operating 
procedure guide, and 
checklist. 

Perform cleaning activities 
before and after each 

fabrication process. 

288 10 

1.5.4 
Wrong design (surface 
and unit cell) 

Wrong implant’s mechanical 
properties for soft-hard tissue 
contact adaptation (modulus 
of elasticity) 

Repeat design 
process. 

Perform quality 
control activities 
for implant. 

Implant surface roughness 
and modulus of elasticity 
should adapt to 
surrounding tissue. 

Use validated/certified 
software. 

Review Research. 

Collaborate with 
universities research 
groups to facilitate design 
process. 

Develop implant’s design 
guidelines. 

256 11 

2.3.9 Machine parameters 

Dimensional accuracy. 

Low quality parts. 

Unreliable mechanical 
properties. 

Negative influence of 
component properties due to 
wrong process parameters. 

Perform machine 
validation process. 

Use design of 
experiments (DoE) 
methods to 
identify the most 
optimal 
parameters 
configuration. 

Perform machine 
validation process. 

Used standard commercial 
validated machines. 

Use design of experiments 
(DoE) methods to identify 
the most optimal 

parameters configuration. 

252 12 
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5.11 

Powder handling at 
temperatures above 
25°C, due to human 
failure; omitting 
temperature monitoring 

Negative influence of 
component properties due to 
non-compliant powder 

properties (oxygen pick up...) 

Perform powder 
examination 
procedure 

Use a room for powder 
handling, sieving, and 
storage with controlled 
temperature and 
atmospheric conditions. 

252 13 

5.5.2 Interpretation of Findings 

 Analysis of the FMECA revealed that the majority of the critical risks were clustered in 

six main categories of the RBS. Therefore, a further risk analysis was performed to 

identify the most critical activities and sub-processes that need more attention during the 

design and fabrication of AM patient-specific implants. For this analysis, the RPN score 

of all risks belonging to each category were summed to calculate the relative importance 

of each category. According to our results, the categories AM materials, AM Machine 

general, Fabrication, EBM machine, Finishing, and Design are the most problematic areas 

in the design and fabrication of AM patient-specific implants, all together accounting for 

approximately 70% of the RPN scores identified in the FMECA (Fig 5.6).  

Figure 5.7. RI of the 17 main activities and processes for the design and fabrication 

of AM Ti patient-specific bone implants. 

5.5.2.1 AM Materials 

AM materials were identified as the most important of the 17 main activities related to 

the fabrication of AM patient-specific implants, having a RI rating of 18.2% (Fig 5.4). 

This section of the FMECA contains all the identified risks related to AM powder material 

handling, storage, properties, and recycling. The high criticality of the AM materials for 

medical devices is due to its influence in the mechanical, biological, and physicochemical 
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properties of the final product. For example, powder based AM systems such as EBM 

and DMLS require precise and reliable powder characteristics in order to produce high 

quality components with appropriate mechanical and chemical properties as well as to 

comply with the required standards [519]. Therefore, according to the Pareto principle if 

all the activities related to the materials used in AM are standardized and adequately 

controlled then 80% of the potential product quality issues can be avoided or mitigated.   

The results of the FMECA show that from the 13 most critical FMs identified in this study 

three are located in the materials section of the RBS. These risks are: omitting material 

powder examination, omitting powder material sieving, and handling powder material at 

temperatures at above 25°C, with RPN scores of 810, 810 and 252 respectively as shown 

in Table 5.5. The high RPN score of these three risks is due to the fact that powder 

materials for AM are highly sensitive to atmospheric conditions, temperature, and 

recycling methods. Changes to these factors can have detrimental effect on powder 

quality. For example, powder titanium alloys such as Ti6Al4V can easily absorb water, 

oxygen, and hydrogen from the surrounding atmosphere thereby affecting the density and 

flow rate of the powder particles, resulting in negative effects in the chemical composition 

and mechanical properties of the final product [520-522]. Moreover, the high acquisition 

cost of powder materials for medical applications makes the handling and recycling of 

powders key factors in governing their affordability [523]. Consequently, powder 

chemical composition and physical characteristics such as flowability, apparent density, 

particle shape and size need to be tightly controlled [524]. Therefore, as a preventive 

action to maintain powder characteristics the participants of this study suggested that 

manufacturing companies of patient-specific implants should consider having a dedicated 

room for powder handling, sieving, and storage with controlled temperature and 

atmospheric conditions. This room should also have an automated monitoring system that 

can be programmed to set of alarms when the required atmospheric conditions are not 

met. It was also recommended to use a quality management software that can provide 

reminders with defined examination intervals to assist the quality control process and 

documentation of powder use. In this way the handling of the powder with an incorrect 

room temperature and omitting the sieving of recycled powder can be avoided. Moreover, 

it is essential that companies in this sector develop procedure guidelines, checklists, and 

powder traceability documentation for an appropriate powder lifecycle management and 

quality control [525]. Furthermore, according to Du Plessis, Yadroitsev [526] a micro-

CT scanner is a key technology to control powder characteristics, since is the only method 
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that can determine the real sphericity, volume, and surface areas of powder particles to 

ensure flowability and eventually quality of the powder bed.  

The selection of material suppliers was also identified as one of the most critical risks, 

having an RPN score of 300. The risk of material suppliers was allocated in the FMECA 

table within the Personnel section, however as this section was not identified as critical 

and the risk of material suppliers is also directly related to the AM material it will be 

discussed here. The selection of material suppliers was identified as the 10th most critical 

FMs, involving a variety of issues, such as poor material quality, poor supplier service 

and involvement, geographical location, supply chain disruption, delay delivery, and lack 

of experience in suppliers’ risk management [527]. For example, the use of unvalidated 

powder for a specific AM equipment may lead to poor quality products with unpredictable 

mechanical properties, that may not meet medical and metal industry standards. 

Moreover, powder material from different providers might have different properties 

raising the risks of negative effects in product quality [528]. Furthermore, material 

traceability is a key quality control factor that needs to be adequately assessed in order to 

acquire commercialization clearance from medical regulators such as the FDA in the 

USA, and Medical Device Regulation (MDR) in the European Union [294, 295]. 

Therefore, as a preventive action to reduce these risks companies usually prefer to procure 

powder material from AM equipment manufacturers. This offers several advantages, such 

as established procurement routes, better support since powder has been already tested 

and validated with clearly define machine parameters, and the opportunity to concentrate 

on core skills [529]. Nevertheless, some of the disadvantages are that material cost is 

much higher, there are limited material options, lack of traceability of manufacturing 

process and material source, and experimentation with new material is limited [530]. 

Furthermore, dependency of a single supplier creates a high risk of a supply chain 

disruption and inhibits the acquisition of in-house expertise [531]. Consequently, 

selecting this type of material supplier can act as a preventive action for companies with 

low experience and track record in AM, where the equipment/material supplier can 

provide valuable technical support.  

On the other hand, if a company has sufficient experience in AM, with defined quality 

control and quality assurance systems, and is willing to embark into new alloys and 

materials, procuring powder material from third party suppliers or directly from powder 

manufacturers is a good option however, it has unique advantages and disadvantages. The 
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advantages of using powder from validated third party suppliers are the large variety of 

materials and batch sizes available. Moreover, as the powder is validated there is 

confidence about its properties. However, this procurement option can lead to a lack of 

machine manufacturer support, non-standardized machine parameters, and low 

traceability [530]. With regard to direct manufacturers, they offer a wide range of material 

choices with a high level of material traceability. This option also allows the selection of 

powder materials produced with different manufacturing processes and different 

characteristics at a reduced cost [532, 533]. Nonetheless, in some cases using direct 

manufacturers to procure AM raw material may require the purchase of larger quantities 

of material, and the resulting risk of powder quality variation with each batch. 

Furthermore, there is no guarantee that the acquired material will be suitable for a specific 

AM machine, limiting machine manufacturer support [530]. Nevertheless, regardless of 

who is the supplier of the powder material, to safeguard a highly consistent certified 

supply chain it is important to select powder materials that closely match the properties 

of the powder to the specific machine used to safeguard a highly consistent certified 

supply chain. Moreover, according to the experts interviewed, to facilitate material 

traceability and quality control, manufacturers of patient-specific implants should select 

material suppliers with at least 5 years of experience in the market, and request powder 

suppliers to provide certificates and material data sheets with powder material properties. 

Additionally, according to the FDA [294] and ASTM standards [519] the selected 

supplier must also have a recognized quality management program such as ISO 9001, 

AS9100, or ISO 13485. 

5.5.2.2 AM Machine General, EBM, and DMLS 

We identified 13 FMs that can be related to AM powder bed fusion machines representing 

all together almost 13 percent of the total cumulative RPN scores, which make it the 

second most critical area of our FMECA. Even though most of these issues were ranked 

with low RPM scores, two of them being machine maintenance and machine parameters, 

stand out due to their high RPN score making them the 6th and the 12th most critical FMs, 

respectively. Poorly maintained machines can hardly produce products with consistent 

quality, and they frequently fail requiring more spare parts, consumables, labour, and 

longer downtimes which in turn leads to loss of profit margin [534]. Moreover, the 

maintenance cost of traditional manufacturing firms accounts for 15-70% of production 

costs [535]. This cost can be even higher when advanced manufacturing technologies 

such as AM are used [536, 537]. Therefore, omitting and having inadequate maintenance 
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activities of manufacturing equipment can affect an organisation’s long-term profitability 

[538]. For example, an inadequate maintained AM machine can lead to poor recoating 

performance, resulting in products with lower mechanical properties and higher quality 

variability [539], representing a potential threat to the patient and a serious financial issue 

to the company [330, 540-542]. 

According to the interviewees’ opinion one of the most suitable maintenance 

methodologies for AM is called reliability centred maintenance. This is a preventive 

maintenance methodology that uses qualitative and quantitative data to formulate 

effective and optimised maintenance plans using risk management techniques, based on 

failure diagnosis and prediction to increase the reliability of manufacturing equipment 

[534]. The qualitative and quantitative data is usually obtained using expert knowledge 

and computerised databases [543]. This maintenance methodology is ideal for AM 

systems equipped with real-time monitoring systems capable of providing detailed post-

build reports containing vital information of each fabrication process, and machine 

parameters [544-550]. Therefore, by linking the information obtained through the report 

provided by the AM monitoring system with the final product characteristics it is possible 

to implement reliability centred maintenance in an AM environment [543, 551]. 

Moreover, to reduce the risk of inadequate maintenance the participating companies 

acquired machines having real-time process monitoring systems that can help to reduce 

maintenance activities. For example, company E retrofitted all of their EBM machines 

with an innovative monitoring system that automatically calibrates the machine thereby 

reducing the maintenance calibration procedure from 4 hours to just 15 minutes [552-

554]. Furthermore, the participant companies of this study also have their machines 

subjected to maintenance and extended warranty agreements negotiated during their 

acquisition. These agreements usually include one or two main maintenance procedures 

per year including detailed technical support when is required [536, 555]. Therefore, these 

companies are limited in providing only the daily basic maintenance to their machines 

before and after each fabrication process reducing the criticality of maintenance risks.   

Having an incorrect set of machine parameters was identified as the twelfth most critical 

risk in our FMECA.  The high criticality of this FM relies on the fact that without the 

identification of the proper fabrication parameters of the AM machine used it is basically 

impossible to validate the fabrication process and have a reliable production. However, 

this FM is only critical when non-commercial machines are used or when a new 



Chapter 5 

142 | P a g e

experimental material is employed. In that case it is necessary to perform a variety of 

systematic tests using design of experiments methods to identify the most optimal 

parameters configuration for that particular machine or material [300, 556-558]. 

Therefore, the interviewees agreed that the safest option to avoid this FM is to use 

commercial validated AM machines and materials. 

5.5.2.3 EBM Machine 

As previously discussed, there are general potential issues that have to be considered for 

any powder bed fusion machine. However, there are some risks that are unique to each 

AM technology. For example, despite EBM machines having fewer mobile parts than 

DMLS, they are more complex and sensitive due to the electron beam, the vacuum 

chamber, and the elevated temperatures (600-1000 ᵒC) used in the fabrication process 

[168, 559]. As result, the total downtime and the number of preventive maintenance 

procedures per year are 50% higher than those required for a DMLS machine.  

Consequently, in this study it was found that the RI obtained for the AM EBM machine 

was two times higher than the RI of laser-based AM machines, and make it the fourth 

most important area to control (Fig 5.4). Moreover, the formation of metallizations is 

another common issue in AM powder bed fusion systems that can cause a variety of 

quality problems to the final product. In the case of EBM systems this FM was ranked as 

the fifth most critical, whereas for DMLS machines this FM was ranked as the tenth most 

critical. The reason for this difference is that the occurrence of metallizations in EBM 

machines is much higher than in DMLS machines [560, 561]. The high occurrence of 

metallizations in EBM systems is due to the combination of high temperatures and the 

vacuum atmosphere during the fabrication process. This causes the condensation of light 

alloying elements of the powder material to evaporate and sputter in different components 

inside the building chamber, such as  heat shields and rake blades forming a metallized 

layer that is difficult to detect [562]. There are three main problems that these 

metallizations can cause. Firstly, metallizations can drastically affect the in-situ process 

monitoring system, which relies on high-speed infrared IR camera. This IR camera 

detects porosities and quantifies the beam focus size in order to determine control of the 

machine parameters in real time [563]. Secondly, during the building process metallized 

material can peel off and fall into the melt pool and powder layer affecting the fabrication 

process and the material chemistry [523]. Furthermore, metallizations can also cause 

detrimental effects on the rake blades leading to premature wear and failure of the entire 

building process [562]. Therefore, according to the experts in AM interviewed in this 
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study, the best preventive action is to develop appropriate operation procedures and check 

lists containing cleaning activities to be done before and after each fabrication process. 

These cleaning activities should focus on the removal of metallizations from the build 

chamber, start plate, sensors, heat shields, rake blades, cone, and foil. Moreover, it is vital 

that the machine operators receive proper training not just to operate the machine, but 

also to timely identify fabrication flaws and potential threats. However, if the 

metallizations cleaning process is omitted, any fabrication in process should be stopped, 

and the cleaning process should be performed. If a batch of components were already 

manufactured when omitting the cleaning procedure, each component should be 

thoroughly inspected in order to identify possible geometrical defects and material 

contamination. 

5.5.2.4 Fabrication Process 

The fabrication process of patient-specific implants with powder bed fusion was 

identified as the second most critical process in the production line. Our results show that 

this activity accounts for 12.63 percent of the identified risks. The criticality of the AM 

fabrication process is due to the novelty of this technology and the lack of defined 

procedures and standards, including all the different process parameters that need to be 

set and controlled [234, 564]. To prevent the potential issues that may occur during the 

AM of patient-specific implants the interviewed experts in AM recommended to perform 

an annual AM validation process. This validation process should aim to challenge the 

AM machine to identify the worst-case scenarios and process limitations in relation to 

machine conditions. For this purpose test coupons and components as representative 

samples should be used to challenge the complete build volume of the AM machine [294, 

565]. The result of this validation process is the establishment of the final process 

parameters that produce consistent and repeatable products that fulfil the required 

specifications. 

It is not by chance that the risk with the highest RPM score belongs to the AM fabrication 

process. With a total RPM score of 1,000, the thermal and phase material changes 

produced during the fabrication of metallic components with AM powder bed fusion 

systems is the most critical FM identified in our FMECA (Table 5.5). During the 

fabrication of metal components with AM systems such as DMLS and EBM, large 

thermal gradients are developed due to the rapid heating and cooling cycles in the 

fabrication process [218, 566, 567]. These result in residual stresses, geometrical 
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distortions (warping), shrinkage, and changes in material microstructure and chemical 

composition [218, 568-570]. However, the criticality of these issues highly depends on 

the type of AM system used. For example, laser-based AM systems produce components 

with more residual stresses and distortion than EBM systems[170]. According to the 

opinion of the interviewees, the most common corrective action to counteract and mitigate 

these issues when DMLS machines are used, is the application of different heat 

treatments. These heat treatments are aimed to relieve the stresses and distortions caused 

in the fabrication process, and to adjust the material microstructure and chemical 

composition of manufactured parts [219]. Furthermore, to reduce warping of thin 

components fabricated with EBM, Tan, Kok [562] emphasized that by setting the 

machine fabrication hatch to a crossing in-fill pattern strategy to help to minimise residual 

stresses and distortion. Moreover, as a preventive action some of the participants of this 

study used of finite element software packages to run thermo-mechanical simulations in 

order to predict residual stresses and product distortion. The companies in this study also 

use a fix compensation factor to enlarge the CAD model to counter the shrinkage effect 

[240]. Another preventive action to minimize component warping and changes in material 

microstructure is to use updated AM machines equipped with real-time process 

monitoring systems, which can accurately monitor and control the production process 

[544-549, 571, 572]. Nevertheless, regardless of the real-time monitoring system used, 

metallic components fabricated with DMLS systems still require heat treatments at the 

end of the fabrication process.  

5.5.2.5 Finishing  

The finishing was identified as the fifth most critical process of AM patient-specific 

implants. This process comprises several steps such as blasting of powder material, 

removal of support structures, sandblasting, CNC machining, polishing, and cleaning. 

Nevertheless, if these activities are not appropriately performed, they can lead to 

irreversible damage and contamination of implants. For example, the second and sixth 

most critical FMs identified in this study can occur during the blasting process of the 

powder material, and during the sandblasting of AM parts. These risks are cross-

contamination, and part damage during blasting, having an RPN of 900 and 350 

respectively. Blasting is one of the post-fabrication activities necessary to reveal and 

remove the manufactured parts from the powder bed. Cross-contamination of the powder 

material used for AM is a common issue that occurs in AM when impurities, foreign 

bodies during pre-processing and post-processing activities get into the powder [561].  
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Cross-contamination can also occur when a machine is used to produce batches with 

different feedstock materials. These impurities can create interstitials in the build parts 

leading to alterations in the chemical composition and detrimental effects in the 

mechanical properties of the final product [561]. On the other hand, during the sand 

blasting process delicate areas of the implant can be damaged and inclusion of foreign 

particles within the trabecular structures of patient-specific implants can occur [217, 492]. 

The high RPN score of these two finishing processes is due to the difficulty to detect these 

issues when these activities are performed, including the expensive technologies required 

to detect them. According to the interviewees’ opinion, the most common preventive 

actions to reduce the probability of occurrence of these FMs are to provide adequate 

training for machine operators and the development of procedural guidelines for this 

process. One of the main technologies by the participating companies of this study is X-

ray Micro Computed Tomography scanner (micro-CT) to identify trapped particles, 

presence of pores, internal flaws, and to perform dimensional validation of each implant 

[526, 573]. This type of industrial analysis using micro-CT are described in detail by du 

Plessis, Tshibalanganda [574], du Plessis, le Roux [575], and  du Plessis, Yadroitsava 

[576]. 

This procedure is then is followed by in-house developed extraction methods capable of 

removing powder particles up to 60% over the regulatory allowance, due to the fact that 

100 percent extraction of particles is not yet possible. Moreover, to control the quality of 

the powder material different standard characterization methods are used to assess 

powder chemical composition. Nevertheless, Brandão, Gerard [522] states that these 

methods are limited for the detection of cross-contamination of powder material, 

demonstrating that using an X-ray CT scanning procedure for the powder feedstock is an 

ideal complementary method to identify foreign high density particles in the powder 

feedstock [526]. 

5.5.2.6 Process Documentation and Expression of Documents 

Inadequate process documentation and expression of documents are identified in this 

study as the eighth most critical risk to affect the quality of AM patient-specific implants. 

Process documentation and expression of documents are interrelated activities that are 

part of the knowledge management of an organization.  Knowledge and expertise are 

some of the main factors of organization’s competitive advantage [577], especially in 

intensive collaborative environments, such as in projectized organizations, where the risk 
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of knowledge loss is a significant issue [578]. According to several studies 90 percent of 

an organization’s knowledge is mainly retained by its employees [579]. However, 

companies usually overlook this issue [580] leading to the risk of losing valuable 

knowledge, good practices and lessons learnt when a valuable employee moves on [581]. 

Moreover, in project-oriented businesses with cross-disciplinary activities, such as 

organizations dedicated to the design and fabrication of patient-specific implants, it is 

vital to have a smooth flow of knowledge and information to ensure a close cooperation 

between engineers and clinicians [582, 583]. Therefore, as a preventive action in this type 

of organizations it is very important to promote information and knowledge sharing 

through an adequate used of information systems and documentation [584]. Process 

documentation is a key success factor for businesses to achieve consistent quality, and to 

facilitate standardization and reengineering [585, 586]. Standardized procedures and 

processes help to transform activities into routine defined tasks, increases consistency and 

efficiency, and facilitates process control [27, 579]. Processes documentation requires the 

development of process maps, workflows, checklists, guidelines, and commonly agreed 

language and vocabulary [586]. Which in turn help to reengineer and simplify processes 

by facilitating process understanding, and identification of value and non-value adding 

activities [484, 586]. Moreover, to acquire commercialization approval of medical 

devices from regulatory bodies, companies are required to establish procedures with 

documentation containing fully defined requirements, testing results, checklists, and 

control diagrams to track product quality variations at each stage of the production cycle 

[96]. This also facilitates the product validation process and conformance with 

corresponding standards. Furthermore, project post-mortem reports are highly 

recommended at the end of each project, which document particular failures and solutions 

to minimise duplication of effort, improve future projects, and create process documents. 

These post-mortem reports enable companies to master the project learning cycle and 

save considerable costs [578, 579, 585].  

5.5.2.7 Implant Design 

The aim during the design of additively manufactured patient-specific bone implants is 

to mimic the unique porous structure of bone, and match the anatomic shape of the injury 

site or optimise joint function. However, the different biological, physicochemical, 

mechanical, dimensional, and functional factors that need to be considered during the 

design process, makes the design of patient-specific implants a difficult task. Therefore, 

according to the participants’ opinion, the design process is one of the most critical areas 
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to consider during in the workflow of additively manufactured patient-specific bone 

implants, thus it is not surprising that this activity obtained the 6th place with a RI of 8.42 

in the FMECA (Fig 5.4).  

The properties of porous bone implants are influenced by their porosity and pore shape  

[189]. The porosity of natural bone is important for vascularization, diffusion of cell 

nutrients and metabolic waste, and cell migration [85], and in a similar way important for 

metallic bone implants. Moreover, porosity and pore shape are considered as the main 

parameters affecting the stiffness of the implant which is vital to reduce the stress 

shielding effect. Stress shielding occurs when there is a stiffness mismatch between the 

implant and surrounding bone and can cause inflammation and the need for revision 

surgery [182]. During the design of patient-specific implants with porous structures, 

porosity and pore shape are directly controlled with the selection of the unit cell, which 

is used to imitate the bone structure. However, according to the interviewees, currently 

there are no medical standards or regulations to guide the design of fully porous patient-

specific implants. Further, the large variety of unit cells (more than a thousand) and design 

methods to create porous/lattice structures can make the implant design process difficult 

[250, 432, 472-474, 478, 481]. As a result, all the participants in this study unanimously 

agreed that an inadequate selection of the unit cell is one of the most critical sub-activities 

during the design of patient-specify implants, placing this sub-activity 11th place in the 

list of critical risks. To control and mitigate the risks associated with this activity the 

clinical engineers recommend leveraging the design process with collaboration 

agreements with universities research groups. This type of collaboration between industry 

and university provides access to specialized knowledge and innovative technologies that 

can assist the design of innovative patient-specific implant, giving a competitive 

advantage to both parties [587-589]. In this way the development and clinical testing of 

patentable medical designs can be facilitated [590, 591]. 

However, it is important to consider that a university-industry collaboration is a complex 

relationship due to the different objectives, interest and constrains of both parties [592]. 

Therefore, to overcome these differences universities and industry partners need to 

develop appropriate strategies to build trust and facilitate communication [593]. 
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5.6 Discussion 

Risk assessment is a well-established process, necessary to comply with the minimum 

regulatory requirements of any medical device. However, risks are time and 

circumstantial dependent entities that change and evolve based on a variety of factors 

unique to each project. Risks are usually more difficult and expensive to control when 

they move forward in the product development process. Therefore, at the beginning of 

any biomedical engineering product development process, it is very important to uncover 

all of the possible ways that the product could fail. This allows a product industry and its 

development companies to gain in-depth insight into the types of tests and technologies 

that should be used to validate the product and its manufacturing process. In this way, 

risks and cost can be kept to their minimum. 

The infancy of the AM patient-specific implant industry and the lack of defined quality 

standards prompted this present study to apply FMECA and ISO 14971:2007 approaches 

in an integrated manner with a 3D risk assessment approach. Consequently, in this study, 

a comprehensive risk assessment and associated strategies were formulated for the initial 

stages of the development process of AM patient-specific implants. It is noteworthy to 

mention that FMECA is an ongoing process that should be updated throughout the entire 

product development process when more risks, and new strategies to mitigate them, are 

uncovered and need to be managed. During the FMECA, it became clear that AM 

materials, AM Machine general, Fabrication, EBM machine, Finishing, and Design are 

the most sensitive process areas in terms of product quality. Nonetheless, one of the main 

reasons of project failure is the lack of senior management commitment [363]. Therefore, 

leadership is the most crucial ingredient for an adequate implementation of a any quality 

management system [594]. Overall the primary contribution of this research is the 

identification of the most critical risks that can impact the quality of patient-specific 

implants during their design and fabrication process. Moreover, to facilitate the 

visualization of critical risks a new 3D risk priority matrix was developed in this study. 

This 3D risk priority matrix is a robust and simple tool that can be easily used in any 

industry setting. This matrix provides a more accurate graphic representation of the three 

different factors used for risks rating, thus facilitating the presentation of risk assessment 

analysis to different stakeholders.  
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The study had some limitations. Firstly, it was not possible to articulate detailed risk 

mitigation strategies for all of the risks identified by participants due to the uniqueness of 

the observed companies’ products and their manufacturing methods. Moreover, the 

strategies proposed in this study represent a collection of individual experiences and 

knowledge from a relatively small group of industry experts and researchers. However, 

despite these limitations, the herein developed novel risk identification procedure and the 

list of FMs provided in the Appendix H can be used as a guide to companies seeking to 

create high quality AM patient-specific Ti implants. Further research is required to 

address study limitations and to foster high quality performance in this rapidly growing 

industry. For example, future research can use this study as a foundation to focus on the 

strategic planning of quality assurance and control methods that can help to prepare this 

new industry for future changes in medical device regulations. This includes more 

detailed risk assessment and quality control strategies that consider time and cost 

constrains in different scenarios and different AM systems. Moreover, it is known that 

currently the different medical regulatory organizations such as the FDA (USA) and the 

TGA (Australia) are working together to create a regulatory scheme for personalised AM 

medical devices [44, 46]. Therefore, there is an urgent need for engineering management 

research that focuses on regulatory models that foster innovation and are capable of 

covering the technical considerations for designing, manufacturing and testing such 

medical devices. Taking this into consideration we believe that the integration of our 

previous work [34, 502] coupled with the 3D risks assessment method proposed in this 

study can serve as a basis for a new regulatory model for additively manufactured patient-

specific bone implants. 

5.7 Conclusions 

This study utilised a FMECA coupled with a 3D risk assessment approach to better 

understand and manage critical risks associated with the design and fabrication of AM 

titanium patient-specific implants. The 3D risk priority matrix developed in this study 

was used to categorise the criticality level of the identified FM considering the detection 

difficultly (D), the potential severity of damage (S), and likelihood of occurrence (O) of 

the FM. The 3D risk priority matrix was constructed emphasizing detection difficultly 

(D) due to the uniqueness of each patient-specific implant, thus facilitating the

visualization of critical risks. The risk assessment process was performed using the 
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Delphi method with 13 experts from 6 different companies and research institutions 

across related fields such as quality management, AM, and clinical engineering. A total 

137 FMs categorized into 17 groups were evaluated with semi-structured interviews with 

participants. The novel risk evaluation procedure identified 13 critical FM within 6 risk 

critical groups. The 6 most critical groups identified in this study were AM materials, AM 

Machine general, Fabrication, EBM machine, Finishing, and Design. Pertinent preventive 

and corrective actions, based on expert opinions and literature, were proposed to mitigate 

the effects of the most critical FM and to control the quality of the most critical processes 

and activities within the design and fabrication workflow of such medical products.  

Companies dedicated to the fabrication of patient-specific implants with AM full-melt 

powder bed fusion such as EBM, and DMLS have to strongly rely on two main quality 

control technologies to accurately monitor and control several aspects of the production 

process. The first quality control technology is micro-CT scanner. This technology is vital 

for the identification of trapped particles, presence of pores, internal flaws, and for 

dimensional validation. Moreover, micro-CT scanners can also be used to control of 

power particles characteristics and powder cross-contamination. The second vital 

technology is real-time process monitoring systems for AM machines. This quality 

technology is critical to guarantee that the reliability of the AM process in order to 

produce high quality parts with consistent mechanical properties, chemical composition, 

and accurate geometries.  Nonetheless, to mass produce high-performance patient-

specific implants with reliable characteristics and competitive costs there is a need of AM 

machines integrated with smarter real time monitoring systems and micro-CT scanners. 

Overall, this study seeks to accelerate the maturity of AM in the biomedical industry by 

presenting the implementation of a FMECA coupled with a 3D risk assessment approach 

as a pragmatic tool to tackle long term patient safety and product performance. Therefore, 

we believe that this research may serve as a guide for the implementation of QbD in start-

ups, small, and medium-sized companies as well as part of the new medical regulatory 

standards for additively manufactured patient-specific implants. 
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Development of 18 quality control gates for additive 

manufacturing of error free patient-specific implants 

Abstract: Unlike subtractive manufacturing technologies, additive manufacturing (AM) 

can fabricate complex shapes from the macro to the micro scale, thereby allowing the 

design of patient-specific implants following a biomimetic approach for the 

reconstruction of complex bone configurations. Nevertheless, factors such as high design 

variability and changeable customer needs are re-shaping current medical standards and 

quality control strategies in this sector. Such factors necessitate the urgent formulation of 

comprehensive AM quality control procedures. To address this need, this study explored 

and reported on a variety of aspects related to the production and the quality control of 

additively manufactured patient-specific implants in three different AM companies. The 

research goal was to develop an integrated quality control procedure based on the 

synthesis and the adaptation of the best quality control practices with the three examined 

companies and/or reported in literature. The study resulted in the development of an 

integrated quality control procedure consisting of 18 distinct gates based on the best 

identified industry practices and reported literature such as the Food and Drug 

Administration (FDA) guideline for AM medical devices and American Society for 

Testing and Materials (ASTM) standards, to name a few. This integrated quality control 

procedure for patient-specific implants seeks to prepare the AM industry for the inevitable 

future tightening in related medical regulations. Moreover, this study revealed some 

critical success factors for companies developing additively manufactured patient-

specific implants, including ongoing research and development (R&D) investment, 

investment in advanced technologies for controlling quality, and fostering a quality 

improvement organizational culture. 
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6.1 Introduction 

6.1.1 Impact of AM in the Medical Industry 

Additive manufacturing (AM), generally known as 3D printing, uses technologies 

supported by computer-aided design (CAD) software to progressively build 3D physical 

models from a series of cross sections that are automatically joined together to create the 

final shape [142]. This 3D printing technology was pioneered in the 1980s by Charles 

Hull, who used a system called stereolithography (SLA) [143] and over subsequent years, 

a number of different systems emerged, all using the same basic principle of fusing 2D 

layers to create a 3D model. The existing AM processes are classified into seven main 

categories: binder jetting; directed energy deposition; material extrusion; material jetting; 

powder bed fusion; sheet lamination; and vat photopolymerization [144]. Within these 

AM categories, the most used AM systems in the biomedical industry are 

stereolithography, selective laser sintering, Inkjet 3D printing, electron beam melting, 

polyjet photopolymer, and fused deposition modeling [148, 149], especially in 

orthopedics, dentistry, and maxillofacial surgery [150, 151]. 

Appropriate materials for implantation require distinct biocompatible properties 

depending on implant function and location within the human body [79, 80]. There are a 

large variety of materials used with AM to produce bone implants and scaffolds. For 

example, ceramic materials are used in tissue engineering for bone substitution and 

regeneration due to their good biocompatibility and mechanical properties [82]. Some of 

the most representative ceramic materials in AM for bone scaffolds applications are 

hydroxyapatite (HAP) and β-tricalcium phosphate (β-TCP) [83]. Ceramic materials are 

brittle and crack prone; however, their high wear resistance makes them the preferred 

choice for surface coating in joint prostheses [61]. Different polymers and bioglasses, 

such as collagen, chitosan, alginate, and 45S5 Bioglass®, have been intensely investigated 

for bone tissue engineering applications due to their biodegradability, easy processability, 

and flexibility to tailor their properties for bone regeneration [67, 80, 88, 595]. 

Nevertheless, practical application of these materials for load bearing applications is 

limited due to their low resistance to cyclic loading, brittleness, and processability 

difficulties, to name a few [92, 95]. Therefore, these types of materials are mainly used 

in industry for cranial and facial reconstruction [596, 597]. Therefore, to replace hard 

tissue for load bearing applications, metals have been the best choice due to their 
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mechanical properties, corrosion resistance, and biocompatibility. Most of these materials 

are alloys, such as 316L stainless steel (316LSS), cobalt chromium (Co-Cr), and titanium 

alloys [3]. Above all metallic materials, titanium alloys such as Ti-6Al-4V are currently 

considered as the gold standard for orthopedic applications [102]. Consequently, the 

majority of AM patient-specific implants currently produced in the orthopedic industry 

are made of Ti-6Al-4V alloy. 

Unlike subtractive manufacturing technologies, AM offers several advantages in terms of 

product design and manufacturing environment due to its ability to build parts by joining 

the material layer by layer [144]. Firstly, due to the manufacturing flexibility of AM, just-

in-time production becomes the natural manufacturing environment for these 

technologies, where a short-lead to market is needed [282, 283]. This AM capability 

allows companies to adapt to the immediate intermittent demand of personalized products 

using minimal amounts of material resources to produce high-quality goods with 

maximum variety [284]. Secondly, AM technologies are capable of fabricating complex 

shapes that are not possible with the use of traditional manufacturing methods. This 

capability permits fabrication of hierarchical structures at the micro-scale level, allowing 

the manipulation of material properties to create meso-materials. In terms of implant 

design, this means that products can be designed with a biomimetic approach according 

to patient anatomy and the bone tissue mechanical properties [14]. This design freedom 

opens the way for AM to be used for difficult clinical scenarios where bone diseases, 

deformities, and trauma usually require reconstruction of bone defects with complex 

anatomical shapes, which is extremely difficult to perform, even for the most skilled 

surgeon [15]. The complex reconstruction of bone defects is possible by combining the 

advantages of AM with CAD and medical image technologies such as computed 

tomography and magnetic resonance in order to fabricate implants according to the 

patient’s specific anatomy, thus achieving an exact adaptation to the region of 

implantation. Nevertheless, factors such as high design variability and changeable 

customer needs of patient-specific products increase complexity in all domains, requiring 

shorter and more effective product development cycles with the integration of high 

performance processes and technologies in order to achieve reliable production systems 

[27-29]. These factors are also re-shaping manufacturing and medical standards, 

manufacturing management, quality control, and product lifecycle management [27, 

151]. 



Chapter 6 

156 | P a g e

6.1.2 The Quest for Comprehensive Standards for the AM Medical Industry 

Standards are voluntary documents that establish specifications, procedures, and 

guidelines to maximize the reliability of products, services, and systems and ensure they 

are consistent and safe. Standards help to make better products that are compatible and 

able to interact with other products. Standards facilitate the implementation of 

technologies and speed up the product development cycle. Generally, standards stimulate 

innovation by accumulating, codifying, and sharing technological knowledge and 

experience [289] through the identification of best industry and research practices in 

producing better products [290]. 

In the medical field, companies are subjected to strict regulations that require the 

implementation of quality standards, such as ISO13485:2016, in order to demonstrate 

their ability to provide medical devices and related services that consistently meet 

customer requirements [291]. These standards and regulations are designed for mass 

production and off-the-shelf standard implants that have low variability of product 

characteristics. As a result, the recommended quality control methods for medical devices 

heavily rely on statistical techniques and regulations focused on compliance of customer 

requirements instead of continuous product improvement and satisfaction of customer 

needs [292]. Imposed priority forces companies to deliberately design their products to 

fit within existing approved thresholds in order to avoid seeking further time consuming 

approvals for minor variations [40]. 

The introduction of additive manufactured patient-specific products into the medical 

market is presenting serious challenges to regulatory bodies tasked with managing and 

assuring product quality and safety [293]. According to the Food and Drug 

Administration (FDA) [294], some of these challenges include “determining optimal 

characterization and assessment methods for the final finished device, as well as optimal 

process validation and acceptance methods for these devices”. Medical device regulatory 

bodies around the world are slowly introducing regulatory changes to cope with the 

significant technological and scientific progress in the medical area. For example, in 

2017, the European Union (EU) created the Medical Device Regulation (MDR) that will 

come into force in 2020 to replace the current Medical Device Directive (MDD 

93/42/EEC) and Active Implantable Medical Devices Directive (AIMDD 90/385/EEC) 

[295]. Furthermore, despite the drastic changes that MDR will impose, currently, there is 

no published guidance on patient-specific medical devices [46, 296]. 
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On the other hand, in December 2017, in an effort to cope with the rapid growth of 3D-

printed medical devices in the market, the FDA released its first guidance document 

called Technical Considerations for Additive Manufactured Medical Devices: Guidance 

for Industry and Food and Drug Administration Staff [294]. The objective of this 

document is to provide a framework to evaluate AM processes by identifying different 

aspects of AM technologies. Therefore, the guide does not intend to establish a quality 

system for the manufacture of patient-specific devices produced with AM; instead, the 

guide emphasizes the use of current International Organization for Standardization 

(ISO)/American Society of Testing and Materials (ASTM) standards for additive 

manufacturing. ASTM and ISO are two similar organizations focused on the development 

of standards for a great variety of industries [297, 298]. Establishing ISO/ASTM 

standards is a collaboration work between the two main organizations with the purpose 

of developing the standards for AM. 

Table 6.1 Existing ISO/ASTM active standards for additive manufacturing 

relevant to patient-specific implants, surgical guides. 

Standard 
Designation Code 

Standard 
Last Revision 
Date 

ISO/ASTM 52900 Standard Terminology for Additive Manufacturing—General Principles—Terminology 2015 

ISO/ASTM 52901 
Standard Guide for Additive Manufacturing—General Principles—Requirements for 
Purchased AM Parts 

2016 

ISO/ASTM 52910 Additive manufacturing-Design-Requirements, guidelines and recommendations 2018 

ISO/ASTM 52915 Standard Specification for Additive Manufacturing File Format (AMF) Version 1.2 2016 

ISO/ASTM 52921 
Standard Terminology for Additive Manufacturing—Coordinate Systems and Test 
Methodologies 

2013 

ASTM F2924 
Standard Specification for Additive Manufacturing Titanium-6 Aluminum-4 Vanadium 
with Powder Bed Fusion 

2014 

ASTM F2971 
Standard Practice for Reporting Data for Test Specimens Prepared by Additive 
Manufacturing 

2013 

ASTM F3049 
Standard Guide for Characterizing Properties of Metal Powders Used for Additive 
Manufacturing Processes 

2014 

ASTM F3001 
Standard Specification for Additive Manufacturing Titanium-6 Aluminum-4 Vanadium 
ELI (Extra Low Interstitial) with Powder Bed Fusion 

2014 

ASTM F3091 Standard Specification for Powder Bed Fusion of Plastic Materials 2014 

ASTM F3122 
Standard Guide for Evaluating Mechanical Properties of Metal Materials Made via 
Additive Manufacturing Processes 

2014 

ASTM F3213 
Standard for Additive Manufacturing—Finished Part Properties—Standard 
Specification for Cobalt-28 Chromium-6 Molybdenum via Powder Bed Fusion 

2017 

ASTM F3301 
Standard for Additive Manufacturing–Post Processing Methods–Standard Specification 
for Thermal Post-Processing Metal Parts Made Via Powder Bed Fusion1,2 

2018 

ASTM F3302 
Standard for Additive Manufacturing—Finished Part Properties—Standard 
Specification for Titanium Alloys via Powder Bed Fusion 

2018 

ASTM F3303 
Standard for Additive Manufacturing—Process Characteristics and Performance: 
Practice for Metal Powder Bed Fusion Process to Meet Critical Applications 

2018 
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Currently, there are a total of fifteen ISO/ASTM active standards for AM as well as 

approximately 119 related standards, which should be considered for the development 

and the manufacture of metallic patient-specific implants and of polymeric surgical 

guides, as presented in Table 6.1. To date, ISO and ASTM are actively working on 

fourteen new guides for designing, manufacturing, and testing methods of AM parts, as 

presented in Table 6.2. Overall, it can be said that, despite the considerable efforts to 

create standards for AM technologies, there is still a lack of medical regulations for 

medical devices produced with AM technologies [14, 299, 300], which is also preventing 

manufacturers and practitioners from adopting these technologies [36]. Therefore, as we 

showed in previous work, to achieve a successful industry transformation in this domain, 

collaborative efforts are needed to share best industry and research practices to promote 

the use of AM technology and to foster innovation in the medical area [301]. 

Table 6.2 Work in process of ISO/ASTM new guides for the design, 

manufacturing, and test methods of AM parts. 

Draft 

Number 
Standard 

WK64190 New Guide for Additive Manufacturing Design—Decision Guide 

WK49229 
New Guide for Orientation and Location Dependence Mechanical Properties for Metal Additive 

Manufacturing 

WK62190 
New Specification for Additive Manufacturing Feedstock Materials Technical Specifications on Metal 

Powder 

WK55610 
New Test Methods for the Characterization of Powder Flow Properties for Additive Manufacturing 

Applications 

WK62867 
New Guide for Additive Manufacturing—General Principles—Guide for Design for Material 

Extrusion Processes 

WK62946 
New Guide for Additive Manufacturing—General Principles—Guide for Design for Directed Energy 

Deposition Processes 

WK60265 
New Guide for Assessing the Removal of Additive Manufacturing Residues in Medical Devices 

Fabricated by Powder-bed Fusion 

WK58219 
New Guide for Additive Manufacturing—Feedstock Materials-Creating Feedstock Specifications for 

Metal Powder Bed Fusion 

WK65420 
New Specification for Additive Manufacturing Qualification Principles for Equipment—Standard 

Guidelines Laser Powder Bed Fusion (L-PBF) for Metal 

WK60942 
New Test Method for Additive Manufacturing—General Principles—Effective Shear Properties for 

Ordered Cellular Additively Manufactured (AM) Materials 

WK60943 
New Test Method for Additive Manufacturing—General Principles—Effective Tensile Properties for 

Ordered Cellular Additively Manufactured (AM) Materials 

WK60941 
New Test Method for Additive Manufacturing—General Principles—Effective Compressive 

Properties for Ordered Cellular Additively Manufactured (AM) Materials 

WK62417 
Revision of F3301—18 Standard for Additive Manufacturing – Post Processing Methods – Standard 

Specification for Thermal Post-Processing Metal Parts Made Via Powder Bed Fusion 

WK58220 

New Guide for Additive Manufacturing—Process Characteristics and Performance -Standard 

Guidance for Specifying Gases and Nitrogen Generators Used with Metal Powder Bed Fusion 

Machines 
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6.2 Purpose and Objectives 

According to Gausemeier, Echterhoff [45], quality control of AM processes will be one 

of the most crucial technological requirements in 2020. Moreover, to overcome the 

worldwide need of AM regulations and patient-specific standards, a proactive 

collaboration between regulatory authorities, industry stakeholders, and research is 

required [598]. However, to create adequate standards for AM patient-specific implants 

first, it is important to better understand quality control and quality assurance methods 

currently used in this industry. As a result, there is a critical need for research that explores 

the medical AM industry to facilitate the development of standards and the sharing of 

best quality control practices. Nevertheless, to the authors’ knowledge, there is no 

empirical research on how different companies in the sector of AM patient-specific 

implants deal with product quality. 

Taking this into consideration, the purpose of this study was to explore and report on a 

variety of aspects related to the production and the quality control of additively 

manufactured patient-specific implants in three different companies. These aspects are: 

AM technologies, quality management systems, manufacturing process performance, 

quality control methods, and technologies used for this purpose. Furthermore, this study 

aimed to propose an innovative integrated quality control flow diagram based on the best 

quality control practices of the studied companies. For this purpose, the FDA “Technical 

Considerations for Additive Manufactured Medical Devices” were followed in 

conjunction with current ASTM standards for AM and the results from our previous study 

[294]. 

Thus, the objectives of this study are: 

1. Describe the different AM technologies used for fabrication of patient-specific

implants from an industry perspective;

2. Identifying current quality issues and percentages of rework and scrap in the

industry of AM patient-specific implants;

3. Identify the key quality control methods and technologies used during the design

and fabrication of AM patient-specific implants from an industry perspective;

4. Develop an integrated quality control flow diagram with gates for the design and

fabrication process of AM patient-specific implants taking into consideration best

industry practices.
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6.2.1 Material and Methods 

To develop the clearest possible picture of a contemporary phenomenon within its real-

life context, it was vital to perform an in-depth examination in the form of a case study, 

which in this case required gathering primary data from different organizations [365, 

366]. Moreover, where there was limited information about the topic, a qualitative 

approach was more suitable to capture textual data from a few selected cases [347]. 

Therefore, to achieve objectives 1, 2, and 3, a qualitative exploratory investigation in the 

form of a case study was performed following the consolidated criteria for reporting 

qualitative research (COREQ) [360]. Furthermore, to produce a validated managerial 

solution (objective 4) to this practical problem, a constructive research approach was 

employed [48]. 

6.2.2 Data Collection   

Conducting a case study in business and management research requires the gathering of 

primary data through interviews and questionnaires from key individuals such as 

managers, workers, and technical staff to extract expert knowledge about their 

experiences, beliefs, or opinions [349, 365, 377]. Semi-structured interviews are mainly 

used to gather qualitative data as well as when the researcher wants to delve deeply into 

a topic to thoroughly understand the answers provided [351]. Face-to-face interviews 

have the advantage of having the highest response rate in survey research [513]. 

Moreover, face-to-face interviews capture the most detail of both verbal and nonverbal 

communication and provide a space to establish rapport with participants, permitting the 

researcher to clarify ambiguous answers during the interview [513]. Therefore, the team 

selected face-to-face interviews as the main data collection method for this research. To 

ensure that each interview was performed under the same standards, an interview guide 

and a protocol were developed following the consolidated criteria for reporting qualitative 

research (COREQ) [360]. 

6.2.3 Study Selection 

The criteria to select the companies for this study were based on their experience and 

expertise in the design and the manufacturing of medical devices using AM technologies. 

These included companies in the aerospace field due to their shared similarities in relation 

to materials used and strict quality regulations. Hence, the companies selected for this 

study had to comply with at least one of the following criteria: (1) companies that 
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manufacture patient-specific implants and/or medical devices using AM; (2) companies 

that design patient-specific implants and/or medical devices for AM; (3) companies that 

manufacture aerospace parts with AM technologies; and (4) companies that design 

aerospace parts with AM. 

It is noteworthy to mention that, currently, the use of AM in biomedical and aerospace 

industries is limited with a relatively small number of international companies operating 

in this new industry. Many of these companies are not open to researchers and open 

sharing of knowledge due to intellectual property concerns. This study sought to extract 

in-depth knowledge on AM processes and practices from companies that were open to 

knowledge sharing. The niche size of the biomedical AM industry and the limited number 

of companies willing to share in-depth information necessitated that the research team 

focus on a sample of comprehensive case studies. Consequently, this study is 

characterized by a small sample size but with in-depth and comprehensive data collection 

[378]. 

6.2.4 Data Extraction 

For the data extraction of this study, the team developed a semi-structured guide and a 

PowerPoint presentation to be conducted in the form of face-to-face interview in the 

premises of each company. Moreover, a research information sheet and a consent form 

were developed and delivered at the beginning of each interview. The purpose of the 

information sheet was to provide a detailed description of this study and the type of 

information that would be requested from each company. The consent form described 

that the identity of each participant would be considered confidential and that only a de-

identified summary of results would be used for presentations and publications. The 

interview guide was composed by constructing a set of 28 open-ended questions to guide 

the direction of the conversation. The interview questions were divided in six main 

groups. The first group was composed of 7 questions aimed to acquire participants’ and 

companies’ backgrounds. The remaining five groups of questions were designed to 

achieve objectives 1, 2, and 3.  

The types of questions asked during each interview were descriptive and structural. 

Descriptive questions are used to gather descriptions of things and processes in order to 

obtain insight or to check validity or accuracy about them [377]. In contrast, structural 

questions help the researcher to categorize groups of things and processes and to 
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understand their relationships [377]. Furthermore, semi-structured interviews allow for 

new questions to emerge through the interview process [599], which may reveal new and 

different aspects of the topic [351]. Additionally, a protocol composed of 11 steps was 

developed to perform the semi-structured interviews. A more detailed description of the 

data extraction method, the protocol, and an example of the questionnaire are provided in 

the Appendix I. 

6.2.5 Data Analysis 

The data analysis was performed following within-case and cross-case analysis 

approaches [380]. In this study, the within-case analysis was concerned with the 

evaluation of the collected data as well as the reporting of the findings of each individual 

case study. The information obtained from each interview and visits to the manufacturing 

premises provided a clear understanding of the design, the fabrication, and the quality 

control process of each company. Following this, the cross-case analysis was performed 

between the technologies and the processes of the studied companies with the purpose of 

making a comparative analysis of their advantages and disadvantages [365] in order to 

later produce an integrated quality control flow diagram that contains the best practices 

of each company, thus achieving objective 5. For a detailed description of the data 

analysis method, refer to the Appendix I. 

6.3 Results 

A total of 10 invitations to participate in this study were sent to different companies in 

America, Europe, and Australia to explore the design, the manufacturing, and the quality 

control processes of AM medical devices produced by these companies. Three companies 

agreed to participate in this study. To protect participant companies’ confidentiality and 

anonymity, they are referred as companies A, B, and C. 

A total of nine face-to-face interviews were performed between June and August 2018 

with pertinent experts in AM, quality control, and implant design on a one-to-one basis 

at the headquarters of each company. The participants interviewed in Company A 

comprised the head of the additive manufacturing group, the head of the product quality 

control group, the quality manager, and the head of the clinical engineering research 

group. In the case of Company B, the director of research and development (R&D), the 

head of additive manufacturing, and two clinical engineers were interviewed. In 
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Company C, the interviews were carried out with the chief technology officer and the 

head of R&D. The duration of each interview ranged from 90 to 120 min and was 

followed by a detailed tour through the manufacturing premises of each company. 

Moreover, at the beginning of each interview, a consent form was signed by each 

company participant. Nevertheless, none of the participants agreed to be voice recorded. 

Furthermore, a non-disclosure agreement was delivered by each company and signed by 

the research team members of this study to protect the companies’ confidential 

information shared during meetings and visits in their premises. 

In the following section, a description of each company background is provided. This is 

followed by a description of their design, manufacturing, and quality control processes. 

Finally, an integrated quality control workflow diagram based on the best practices of 

each company is presented. 

6.3.1 Companies’ Background 

Company A is a medium size company that operates two business units, one in the field 

of design, manufacturing, sales, and distribution of patient-specific orthopedic footwear, 

and the other for patient specific prosthetic-orthotic devices using AM technologies. 

Currently, this company is producing, through the use of AM technologies, a large variety 

of products such as patient-specific implants, anatomical models, surgical guides, and 

patient-specific orthoses and prosthetic covers. 

Company B is also a medium size company dedicated to product development, 

manufacturing, sterilization, packaging, sales, and distribution of standard and patient-

specific orthopedic implants. The main headquarters of Company B are located in Europe 

from where its products are distributed to more than 65 countries worldwide. The types 

of products produced by Company B are a variety of standard and patient-specific 

implants, including surgical guides. 

Company C is a recently incorporated American company founded to supply, 

manufacture, and provide the design service needed for complex metallic parts. This 

company produces specialized components for aerospace, medical, automobile, and oil 

and gas sectors solely fabricated using AM. The medical products include different types 

of surgical instruments and medical devices. For more details about these companies, 

refer to Table 6.3.
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Table 6.3 Summary of companies’ profile. 

Company Research Method Experts Interviewed 
Company 

Location 

Company 

Age 

Number of 

Employees 

Years in 

the AM 

Market 

Type of Products 

Produced with AM 

and Traditional 

Manufacturing 

Total Production of 

Products Per Year with 

AM and Traditional 

Manufacturing 

A 

Visit to the 

company’s 

headquarters and 

face to face 

interviews 

• Head of Additive

Manufacturing

Group

• Head of Product

Quality Control

Group

• Quality Manager

• Head of Clinical

Engineering

Research group

Europe 18 years 160 6 years 

Manufactured with 

AM:  

Prosthetics and 

orthotics. 

Orthopedic footwear. 

Standard implantable 

medical devices. 

Patient-specific 

implants. 

No manufactured 

with AM:  

P&O. 

20,000 units per year 

B 

Visit to the 

company’s 

headquarters and 

face to face 

interviews 

• Director of R&D

• Head of Additive

Manufacturing

• Two Clinical

Engineers

Europe 30 years 600 5 years 

Manufactured with 

AM:  

Standard implantable 

medical devices. 

No manufactured 

with AM: 

Standard implantable 

medical devices. 

Patient-specific 

implants. 

820,000 units per year 

C 
Video conference 

and interviews 

• Chief Technology

Officer

• Head of R&D

America 3 years 20 3 years 

Manufactured with 

AM:  

Standard implantable 

medical devices. 

Patient-specific 

implants. 

24,000 units per year 
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6.3.2 AM Systems Used in Each Company 

This section discusses the different AM used by each of the companies studied. Moreover, 

the reasons why each company chose a specific AM are highlighted. Each of the three 

firms studied in this research selected a different AM system to manufacture their 

products. Their selection criteria were mainly based on: specific needs; budget; machine 

acquisition cost; operation cost; maintenance cost and downtime; technical support; 

fabrication accuracy and resolution; manufacturing speed. 

6.3.2.1 Company A 

Company A selected three different AM systems to fabricate their products based on their 

advantages and disadvantages. For the fabrication of patient-specific implants made of 

cobalt chromium and titanium alloy Ti-6Al-4V, Company A decided to acquire an 

EOSINT M 280 Direct Metal Laser Sintering (DMLS) system. To fabricate surgical 

guides, anatomical models for surgical planning, and prosthetic covers, this company uses 

an EOS P 396 Selective Laser Sintering (SLS) system with polymer PA 2200 (also known 

as Nylon-12) as the main material. To fabricate patient-specific anatomical models for 

training purposes and visual means, Company A chose a 3D SYSTEMS ProJet CJP 660 

Pro, which uses Binder Jetting (BJ) technology.  

The DMLS and the SLS AM systems selected by Company A use a laser to scan and fuse 

cross sections of compacted powder particles in a preheated bed inside a chamber filled 

with an atmosphere of inert gas, such as argon and nitrogen [165]. The difference between 

these two machines is that the EOSINT M 280 DMLS system requires a more powerful 

laser (400 watt) to partially melt metallic materials [600], whereas the EOS P 396 machine 

uses a 70 W laser to sinter thermoplastics [601]. 

According to the head of the additive manufacturing group of Company A, they decided 

to acquire a DMLS system to manufacture titanium implants firstly because the machine 

acquisition costs are less than other AM systems such as electron beam melting (EBM). 

However, other factors such as its easy maintenance, system assembly, and agreement 

conditions were also heavily taken into consideration. Additionally, they can also create 

almost fully dense (99.8%) objects with high accuracy and resolution of small details with 

similar mechanical properties to common manufacturing methods, such as cast or 

machined parts [143]. Moreover, in terms of operational cost, the DMLS system uses less 

power and requires shorter downtimes compared to other AM machines. Furthermore, 
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after building an object, it is possible to recycle the unsintered material [1]. Nevertheless, 

there are several disadvantages of this AM system. [142]. Nevertheless, there are several 

disadvantages of this AM system.  

First, DMLS requires long fabrication cycles that can take several hours to a couple of 

days depending on the size and the number of parts [167]. Building metal parts also 

demands a large number of support structures that are difficult to remove, usually leaving 

marks on the surface [602]. Furthermore, the drastic temperature changes during the 

DMLS building process cause detrimental effects in the material mechanical properties, 

such as internal stresses, changes in material microstructure, the occurrence of pores, and 

anisotropic behavior along the building direction [603]. Nevertheless, these effects are 

counteracted with different heat treatments, such as annealing to provide the required 

mechanical properties for medical use [568]. 

In the case of the SLS system, its advantages are that it can build large and small parts for 

prototypes, models, and final products [146] without the need of supports [604]. 

Moreover, for this system, there is a wide range of semi-crystalline and amorphous 

polymers available [242]. Additionally, SLS builds plastic objects with less anisotropy 

and best mechanical properties among AM systems [604]. Nevertheless, the 

disadvantages of this system are that objects fabricated with SLS have a rough surface 

[604], and their mechanical properties may vary depending on their orientation during 

fabrication [605]. Furthermore, the unsintered powder has poor reusability because it 

suffers from thermal degradation, affecting its molecular weight [605]. 

Inkjet 3D Printing (3DP), also known as binder jet printing, is a low temperature (room 

temperature) AM technique that builds the 3D model by applying discrete droplets with 

the method drop on demand (DoD) that releases drops of liquid adhesive one-by-one 

when needed to bind powder material on a powder bed layer by layer [242]. This 

technology can create parts made of polymers, ceramic, metals, and wax [156, 606]. 

However, the machine acquired by Company A uses ColorJet Printing (CJP) technology 

to bind a plaster-ceramic material with water-based binder. Full-color anatomical models 

with different textures can be created to facilitate surgical planning [158, 607, 608]. Other 

advantages of inkjet 3D printers are that they are cost effective machines that can rapidly 

build small and large parts without the need of supports [86, 149, 199]. Nonetheless, the 

drawbacks of using Inkjet 3D printing are that the built parts are fragile, it requires post-

processing, it has large tolerances, and it produces rough surface finishes [158]. 
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6.3.2.2 Company B 

Currently, Company “B” is using four Arcam Q10 plus EBM machines. The EBM system 

is similar to the SLS technology in the way that cross sections of metal powder are melted 

in a powder bed to build the model. However, EBM uses a 60 kW beam of electrons to 

fuse the powder particles inside a vacuum chamber at temperatures between 600–1000 

°C [168, 559]. When the model is finished, the chamber is filled with helium gas to speed 

up the cooling process [169]. 

According to the head of additive manufacturing and the director of R&D, the company 

decided to acquire this system for several reasons. First, with the EBM system, it is 

possible to fully use its volume capacity because it allows an easy stacking of parts in the 

Z-direction, which is not possible with other AM systems. These advantages in 

combination with the numerous electron beams simultaneously used in the EBM system 

makes this system suitable for high production rates [602]. Moreover, parts fabricated 

with EBM require a lower number of supports, which can easily be removed. 

Furthermore, due to the high temperatures inside the vacuum chamber and the controlled 

temperature cycles, the produced parts have very low residual stresses and distortion, 

creating fully dense high purity metallic parts with unique mechanical properties and 

microstructures that can meet and in fact exceed the ASTM standards [170]. For example, 

Co-Cr-Mo alloy parts that are fabricated with EBM have a higher percentage of 

elongation (up to 20%) compared to Co-Cr-Mo ASTM alloys when made using 

traditional processes [169].  

Further, EBM produces parts with higher surface roughness [248], which are known to 

promote the early stages of bone healing and osseointegration of titanium implants [124, 

609]. However, high surface roughness has detrimental effects in material mechanical 

properties that reduce its fatigue resistance [610]. Other disadvantages of EBM are the 

costs associated with machine acquisition, maintenance, and production. Apart from its 

high acquisition cost, its downtimes are 50% higher than laser-based AM systems. 

Moreover, due to the high amount of energy required to operate the electron beam, its 

consumption of electricity is much higher [248].  

Additionally, EBM has a narrow range of available materials, which are metals with 

sufficient electrical conductivity that can be melted. Therefore, only the cobalt chromium 

alloy Cr-Co ASTM F75, three titanium alloys, Ti-6Al-4V, Ti-6Al-4V ELI, and Ti Grade 

2, and nickel alloy 718 are commercially available for this technology [611]. 
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6.3.2.3 Company C 

In the case of Company C, they are producing 24,000 stainless steel parts per year for 

aerospace, medical, automobile, and oil and gas applications solely with AM. According 

to the company’s chief technology officer, this ultra-fast production rate is only possible 

thanks to their own in-house developed AM system. This system works in a similar way 

as an Inkjet 3D printer with a powder bed. However, instead of precisely building the 

part’s geometry layer by layer, their system uses a non-inkjet-based spray system 

combined with a micro CNC milling machine. 

Their fabrication process starts with a spray head that locally sprays binder droplets onto 

the powder bed, wetting and binding the entire layer of powder particles of the target area. 

This process is repeated several times, layer by layer. Then, the process is followed by a 

250 micron end-mill CNC, which cuts, shapes, and contours several layers at once with 

high precision. When the fabrication process is finished, the green specimen is extracted 

from the powder bed and sintered in an oven at about 1000 °C. As reported by the chief 

technology officer, the advantages of this AM system are that the final cost is cut by up 

to 80% compared to other AM systems. 

Moreover, the ultra-fast production rate allows them to mass produce and compete with 

traditional manufacturing methods such as machining and metal injection molding. 

Additionally, the produced parts have an approximate density of 99%+ with excellent 

mechanical properties and surface finish that exceed the Metal Powder Industries 

Federation (MPIF) standards MPIF 35 for metal injection molded parts.  

According to the head of R&D, this is due to the powder material that this system uses, 

which is a standard metal injection molding (MIM) powder. Nevertheless, the drawbacks 

of this technology are that there is only one material available (i.e., stainless steel 17-

4PH), and that the final parts can experience deformation and shrinkage due to the 

sintering process. Unfortunately, more details about this technology cannot be further 

described due to the company’s policies. Table 6.4 details the production volumes and 

the AM machines used by each of the three studied companies. Table 6.5 details 

advantages and disadvantages of the different AM systems used by these companies. 
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Table 6.4 Summary of AM production rates and the technologies used by 

Company A, B, and C. 

Company AM Technology Used 
Number of 
Machines 

Total AM Production Per Year 

A 

EOSINT M 280 Direct Metal Laser 
Sintering system 

Material used: Cobalt chromium 
and Ti-6Al-4V 

1 
50 Class IIb-III patient-specific implants and unspecified 
number of other surgical and dental products 

EOS P 396 Selective Laser Sintering 
system 

Material used: polymer PA 2200 
(also known as Nylon-12) 

1 
100 patient-specific surgical guides and unspecified 
number of other products 

3D SYSTEMS CJP ProJet 660 Pro 

Material used: VisiJet® PXL Core 
1 

Unspecified number of anatomical models and other 
products 

B 

Arcam Q10plus electron beam 
melting (EBM) system 

Material used: Ti-6Al-4V 

4 500 Class IIb-III patient-specific implants 

C 

In-house developed AM system 
for serial production: 

Material used: Stainless steel  

4 
24,000 parts for medical and dental applications, 
aerospace, automobile, oil and gas  

 

6.3.3 Companies’ Quality Management System, and Quality Control Processes 

Almost every organization that produces products and services is supervised by some 

form of quality management system. These systems are aimed at establishing product and 

process confidence within given requirements and standards [612] through the use of 

policies, procedures, and guidelines to prevent and mitigate risks of non-conformance. 

The most well-known quality management system is ISO 9001, which is designed to suit 

most businesses to demonstrate an acceptable level of control over their processes with 

the aim of ensuring customer satisfaction and continuous improvement [613]. However, 

aerospace, medical, and automobile industries require the implementation of more 

specialized quality systems. For example, organizations that are involved in at least one 

of the stages of the life cycle of medical devices must demonstrate their ability to 

consistently meet both regulatory and customer requirements through ISO 13485 

certification [291]. Moreover, an appropriate organizational culture is required for the 

development of an organization’s quality management practices towards continuous 

quality improvement. Organizational culture is composed of the belief and the values 

shared among the people in an organization that shape its policies and philosophy of 

managing business [614]. Therefore, organizations that aim to continuously improve the 

quality of their products and services require an organizational culture that encourages 

employees to proactively be concerned with quality, thus empowering quality in all 

activities [615]. 
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Table 6.5 Advantages and disadvantages of the AM machines for production of 

metallic parts used by the studied companies. 

AM System Advantages Disadvantages References 

EOSINT M 280 
Direct Metal 

Laser Sintering 
(DMLS)  

• Moderate production rate

• High accuracy and details (layer thickness 20–40 µm) 

• Fully dense parts after heat treatments

• Good static mechanical properties

• Finer grain size

• Produces pars with medium surface roughness that 
improves biological performance 

• Metals: AlSi10Mg, Cobalt-Chrome MP1, Cobalt-
Chrome SP2, Maraging-Steel MS1, Nickel Alloy HX,
Nickel Alloy IN625, Nickel Alloy IN718, Stainless Steel 
17-4PH, Stainless Steel CX, Stainless Steel GP1,
Stainless Steel 316L, Ti-6Al-4V, Ti-6Al-4V ELI, TiCP
grade 2, and Tungsten W1 

• Low maintenance time

• High energy 
consumption

• Long building cycles

• Need of building
supports, which are 
difficult to remove

• Grainy surface

• Difficult part 
cleaning

• Parts require heat 
treatment to release 
internal stresses

• Needs high quality
powder spec, only 
supplied by machine 
brand 

[86, 142, 148, 
167, 199, 568, 

616, 617] 

Arcam Q10plus 
EBM 

• High production rates

• Good accuracy (layer thickness 50–70 µm) 

• Easy nesting of parts

• Produces pars with a high surface roughness that 
improves biological performance

• Fully dense parts 

• Lower residual stresses than DMLS

• Easy removal of support structures (manually) 

• No heat treatments required

• Metals: cobalt chromium alloy (CrCo ASTM F75), Ti-
6Al-4V, Ti-6Al-4V ELI, TiCP grade 2, and nickel alloy 
718 

• Compliance with ASTMF136 standards

• High maintenance 
time 

• Only conductive 
materials

• Rough surface

• Needs high quality
powder spec

• Needs high quality
powder spec, only 
supplied by machine 
brand 

[169, 199, 200, 
616] 

Company C in-
house 

developed AM 
system 

• Ultra-fast production rate (mass production)

• Cuts up to 80% in production costs compared to other 
AM systems

• Low energy consumption

• Machine cost is two orders of magnitude lower

• Complies with metal injection molding standards

• Metals: Stainless steel

• Use of standard metal injection molding (MIM) 
powder material

• Only one material is 
available

• Parts require heat 
treatment

During the visits to the premises of the studied companies, it was found the each of the 

three companies have obtained ISO 13485 certification and a variety of different 

standards to complement their quality management system, as presented in Table 6.6. For 

example, Companies A and B have their medical devices certified with the Council 

Directive 93/42/EEC, which is compulsory for standard medical devices in order to obtain 

the Conformité Européenne (CE) mark before they can be marketed in any country of the 

EU [618]. Moreover, Company A has three additional ISO certifications to cover different 

aspects of their business model. The first management system that this company 

implemented was the ISO 9001 in conjunction with the ISO 14001:2015, which is a 
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voluntary environmental management standard aimed at reducing the environmental 

impact of a firm’s activities [619]. According to Company A’s quality manager, this 

certification allows the company to maintain a production that is sustainable and 

environmentally driven through the identification and the understanding of toxicological 

and environmental hazards as well as safety issues of their AM process and post 

processing activities. Additionally, this company has also implemented ISO/IEC 

27001:2013 as its security management system to manage and preserve confidentiality, 

availability, and integrity of their information assets [620]. These assets, which include 

sensible digital data such as implants’ designs and patient information, are shared 

between the company and its clients. In the case of Company C, it recently acquired ISO 

9001 certification and AS9100 certification, which is the quality system standard for the 

aerospace industry. The AS9100 is based on the ISO 9001, but it is enhanced with 

additional aerospace industry requirements in order to satisfy Department of Defense 

(DOD), National Aeronautics and Space Administration (NASA), and Federal Aviation 

Administration (FAA) quality requirements [621]. Interestingly, we noticed that all the 

companies studied have a strong organizational culture that encourages a proactive 

emphasis on quality and continuous improvement similar to total quality management. 

Some of the external advantages of ISO 9000 series are higher perceived quality, 

competitive advantage, better documentation, quality awareness, and improvement in 

operating performance [622, 623]. On the other hand, ISO 13485 provides a strong 

foundation towards meeting the minimum regulatory requirements of medical device 

regulatory bodies [613]. Many companies, including the three in this study, perceived the 

implementation of ISO quality systems as a major achievement [321, 322]. However, 

quality improvement does not stop with ISO certification. ISO quality management 

certifications do not guarantee the production of high-quality products and reduction in 

the cost of poor-quality [624]. ISO 9001 only addresses the implementation of quality 

practices through conformance of the required documentation [625]. Therefore, ISO 

quality management certification is just the first step towards more advanced quality 

systems such as total quality management and Lean Six Sigma [626-628]. 

To demonstrate each companies’ quality control processes being implemented, a 

thorough site visit was undertaken through their premises. In these site visits, the team 

focused on the identification of quality control gates and key quality control technologies 

used in each gate. Quality control gates are go/no-go checkpoints designed to facilitate 
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the detection of quality issues by measuring and monitoring products quality. Thus, in 

quality control gates, it is decided whether a product can continue or not thought the 

production chain. Moreover, it was found that the total number of quality control gates 

differed between the three companies. The differences in the number of quality control 

gates and the technologies used could be the result of their experience, competitive 

strategy, available budget to invest in different technologies, and their interpretation of 

what is needed to fulfill current regulations. A summary of quality control gates, 

technologies, and quality management systems is presented in Table 6.6. 

Table 6.6 Quality management systems, control gates, and technologies used by the 

three studied companies. 

Company 
Quality System and 

Certifications 
Number of Quality Control 

Gates 
Technologies Used for Quality Control 

A 

• ISO 9001:2015 

• ISO 13485:2016 

• ISO 14001:2015 

• ISO/IEC 27001:2013 

• Council Directive 
93/42/EEC 

15 

• Biomedical software package 

• Finite element analysis software 

• Powder handling and sieving AM 
equipment 

• Real time AM process monitoring system 

• Micro CNC 5 + 1 axis milling machine 

• Tactile and laser 3D coordinate measuring 
system 

• Micro-CT scanner 

• Light optical microscope 

• X-Ray fluorescence spectrometer 

• Surface roughness tester 

B 

• ISO 13485:2016 

• Council Directive 
93/42/EEC 

14 

• Biomedical software package 

• Finite element analysis software 

• Powder handling and sieving AM 
equipment 

• Real time AM process monitoring system 

• Tactile 3D coordinate measuring system 

• Industrial X-ray machine 

• Light optical microscope 

• X-Ray fluorescence spectrometer 

• Surface roughness tester 

• Fatigue testing machine  

• Universal testing machine 

C 

• ISO 9001 

• ISO 13485 

• AS9100 

• MPIF Standard 35 

12 

• Finite element analysis software 

• Powder handling and sieving AM 
equipment 

• Real time AM process monitoring system 

• Tactile 3D coordinate measuring system 

• Optical measuring system 

• Light optical microscope 

• X-Ray fluorescence spectrometer 

• Surface roughness tester 

• Fatigue testing machine 

• Universal testing machine 
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6.3.4 Production Process Performance 

Process performance evaluation is vital for future financial success. It allows the 

evaluation of the performance of manufacturing and organizational processes to achieve 

optimum business performance benchmarks [324]. Six Sigma methodology uses the 

Sigma quality level to measure the performance of a process. This is done by identifying 

the capability of the process to accomplish defect-free products [323], thus allowing the 

comparison of the performance of different processes irrespective of their nature [324].  

The term Sigma (σ) refers to the number of standard deviations from the mean, where the 

products of a process with a normal distribution curve fall within specification limits 

[325]. However, Six Sigma assumes that, for long-term performance, the process mean 

has a 1.5 Sigma distribution shift in either specification limit [326]. Taking this into 

consideration, a process with a Six Sigma level means that 3.4 defects are produced per 

million opportunities (DPMO), giving a yield of 99.99966%. Most companies have a 

Sigma quality level between 2σ and 3.3σ (yield of 93.319%)  [322, 326-329]. Whereas, 

world-class companies usually operate between 4σ and 5σ levels [330, 331], having 

between 6000 to 230 DPMO, respectively. 

Some of the most commonly used Six Sigma metrics are percentage of defective products 

and scrap [321, 322]. During the interview with the quality managers of the three 

companies studied, we obtained data in relation to the total number of defective additively 

manufactured products that each company is producing per year. For patient-specific 

implants, quality characteristics such as geometry and mechanical properties are targeted 

to nominal values with upper and lower specification limits determined by the clinical 

engineer, the surgeon, and specific standards. In this industry, if the final product has 

characteristics outside of the tolerance limits, the final product is considered scrap. 

Using this defect information provided with Equations (1) and (2), the Sigma process 

performance and the DPMO of each company was determined (Table 6.7). Equation (1) 

calculates the Sigma process performance in an Excel spreadsheet using NORMSINV, 

which is the inverse of the standard normal cumulative distribution [323]. The DPMO is 

determined by dividing the number of defective products by the total opportunities 

(number of components in a batch) and multiplying the results by one million [323]. 
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𝑆𝑖𝑔𝑚𝑎 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 = 𝑁𝑂𝑅𝑀𝑆𝐼𝑁𝑉(𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦) (1) 

𝑆𝑖𝑔𝑚𝑎 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒
= 𝑁𝑂𝑅𝑀𝑆𝐼𝑁𝑉(1 −  (𝐷𝑒𝑓𝑒𝑐𝑡𝑠 106⁄ ) ) + 1.5 

 

𝐷𝑃𝑀𝑂 = [𝐷𝑒𝑓𝑒𝑐𝑡𝑠 𝑂𝑝𝑝𝑜𝑟𝑡𝑢𝑛𝑖𝑡𝑖𝑒𝑠⁄ ] × 106 (2) 

 

According to Table 6.7, the company with the highest Sigma level was Company B with 

a 4.14σ, followed by Companies A (3.25σ) and C (1.75σ). As shown in Figure 6.1, the 

Sigma process performance of the studied companies follows an increasing trend in 

relation to their size and years of experience in the medical device industry. The level of 

process performance of these two companies may look low compared with the 4σ and the 

5σ levels of world-class companies. However, it must be considered that these are young 

companies in the market of orthopedic implants with very short performance track records 

[629].  

Moreover, Companies A and B have a very small production rate to provide statistical 

confidence with these results. Furthermore, it should be noted that, for all companies 

studied, they have excellent systems in place for ensuring that no defective products are 

released to the market, meaning that none of these companies have had products recalls. 

Table 6.7 Comparison of sigma process performance based on their internal 

production defect rate solely of additive manufactured products. 

Company 
Production Per Year with 

AM 
Production Defect 

Rate 
Defects Per 

Million 
Six Sigma 

Rating 

A 50 ≈4% ≈40,000 ≈3.25 

B 500 ≈0.4% ≈4000 ≈4.14 

C 24,000 ≈40% ≈400,000 ≈1.75 

 

6.3.5 Integrated Quality Control Flow Diagram 

Multistage manufacturing systems such as those used to produce patient-specific implants 

are composed by multiple production processes that require a delicate coordination to 

obtain the final product. The overall performance of these types of systems depends on 

the accumulated performance of their stages [630]. Therefore, error propagation is the 

major contributor to suboptimal overall system performance of multistage manufacturing 

systems [462]. According to Hrgarek [330], the cost of fixing an error increases 

exponentially when it moves forward through the product development cycle and the 
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production chain. This cost is even higher in the medical industry, because a defective 

product can represent a life threatening risk and lead to product recalls with serious 

financial implications such as liability costs and market capitalization loss due to negative 

brand image [330, 540-542].  

Figure 6.1. Comparative analysis of the Sigma production process performance of 

the studied companies against years of experience and firm size. 

Quality control is composed of several processes designed to effectively monitor and 

prevent quality issues in order to help achieve the necessary process performance and 

product quality standards [631]. More recently, we identified 85 main causes that lead to 

non-conformance quality through design and manufacturing processes of patient-specific 

implants [34]. These potential risks of non-quality conformance are mainly caused by the 

novelty of AM technologies, product geometrical complexity, material properties, and 

the great variability of customers’ needs. 

Controlling the quality of this type of product is a difficult task. This is due to fact that 

patient-specific implants are one-off design products that require higher quality standards 

than traditional implants, leaving no space for uncertainty. Moreover, the large variation 

of product characteristics in the design of patient-specific implants increases the 

probability of human errors due to the decreasing learning from repetitive operations 

[462]. Therefore, the quality control activities for the design and the fabrication of patient-

specific implants should take place in the most sensible activities. This is not a rare 

practice in many discrete manufacturing processes, where total inspections at each 

intermediate operation are commonly performed [630]. 
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To overcome some of these challenges, this study explored the quality control methods 

employed within three different companies to select the best quality control practices and 

propose an integrated quality control flow diagram for patient-specific implants. The 

selection of best practices was based on the quality performance of each company, 

including their internal quality management culture, and technologies used. The 

integrated quality control flow diagram was also developed taking into account the FDA 

guideline, “Technical Considerations for Additive Manufactured Medical Devices” [294] 

and ASTM standards, including the following assumptions: 

• Mass production with AM is performed;

• The biocompatibility assessment was previously performed following the ISO

10993 standard;

• The aim is to achieve the highest production performance and customer quality

ratings, pursuing the 6σ rating;

• Defective products are unacceptable due to the potential high risks that they

represent to the company, the customer, and the patient;

• Missed flaws in the final product have serious consequences to the patient ranging

from injury to fatality;

• Product external failure costs and penalty costs are much higher than a quality

inspection cost. Therefore, they should be avoided in any instance;

• The scrap and rework costs and penalty risks should stay at a minimum level;

• The company employees should embrace a proactive quality culture similar to the

one promoted in total quality management;

• Inspections are only performed by highly qualified personnel;

• If defects are not detected in a quality control gate, they should be detected in the

following gate;

• The minimum quality management system in place should be ISO 13485;

• A detailed risk identification and a failure mode analysis should be previously

performed.

The proposed quality control workflow diagram presented in Figure 6.2 considers the 

entire design and production cycle of patient-specific implants. It focuses on preventive 

quality control activities from a conservative approach. This integrated quality control 

flow diagram is composed of 18 go/no-go quality control gates that take place before, 

during, or after the most sensible processes and activities depending on their criticality 
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and availability of quality control technologies. Go/no-go gates mean that the 

corresponding product quality attributes at each stage must be satisfied in order to 

continue to the next process [631]. Each quality control gate must have its corresponding 

product validation documentation containing checklists and control diagrams to 

track/trace product quality variations at each stage. 

According to the Pareto principle, decisions made during product planning and design 

phases are responsible for approximately 80% of the product final costs [632, 633]. 

Therefore, 28% of the proposed quality control gates of this study were strategically 

allocated in the product design phase, which could be divided into four different sub-

phases: (1) information design phase; (2) conceptual design phase; (3) preliminary design 

phase; (4) detailed design phase [634]. From all of the 18 proposed quality control gates, 

56% were on-line inspections. These inspections are part of the flow process of the design 

and the production line [635]. They are performed during production to catch quality 

variations caused by careless workers, maladjusted and uncalibrated machines, and 

environmental conditions [636]. ]. This type of inspection is also aimed to control and 

ensure that the quality requirements of incoming materials and semi-finished/finished 

products are met before a value-adding operation is undertaken [636]. The remaining 44% 

of the quality control gates corresponded to off-line inspections performed by specialized 

quality inspectors. These are more detailed and time-consuming inspections that interrupt 

the process flow. However, they are more effective than on-line inspections [635]. Table 

6.8 presents a brief description of all the 18 quality control gates (i.e., G-1 to G-18) of the 

herein developed integrated quality control workflow diagram shown in Figure 6.2 with 

their required technologies and tools.   

Additionally, a detailed description of each quality control gate is provided in a 

comprehensive practitioner companion guide to this paper provided in Appendix J. 
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Figure 6.2. Integrated quality control workflow chart with the 18 gates for the 

design and fabrication of patient-specific implants by AM. The meanings of the 

operators in the chart are as follows: black solid outlined boxes = processes; black 

dash outlined boxes = overarching processes; green solid outlined boxes = quality 

control gates; green dash outlined boxes = overarching quality control gates; red 

pentagonal boxes = decision gate; blue boxes = experts/staff; solid arrows = on-line 

processes; dashed arrow = off-line processes. 
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Table 6.8 Description and characteristics of the proposed integrated quality 

control flow diagram. 

Quality Control 
Gate (G) 

Inspection 
Type  

Description 
Technology and 
Tools Required 

G-1: Software 
validation

Off-line 
G-1 is to validate all software used throughout the whole product
design workflow and fabrication processes

G-2: Implant 
specifications

On-line 

G-2 is to control communication issues between the surgeon and the 
clinical engineer. This quality control gate uses an online 
communication interphase. Through this interphase, the most 
suitable medical image protocol is decided, and the necessary 
surgical requirements, patient’s information, and implant 
specifications are collected and corroborated in a systematic way 
before proceeding to the next steps of the workflow. Moreover, this
interphase allows to perform concurrent surgery planning to identify 
issues.

Integrated 
communication 

interphase 

G-3: Volumetric 
reconstruction

validation 
On-line 

In G-3, the 3D volumetric reconstruction is compared to the original 
medical images from the patient in order to find segmentation 
mistakes. 

Segmentation 
software, CT images 

G-4: Computer 
simulation 
validation

On-line 

In G-4, a 4D implant design approach is used to validate patient-
specific implants with patient-specific computational 
neuromusculoskeletal (NMS) predictions and multiscale finite 
element analysis (MFEA). Therefore, non-destructive static and 
dynamic simulations are performed to test the implant design 
performance. Moreover, a thermo-mechanical simulation is required 
to identify thermic deformations during the fabrication process. The 
simulations are carried out two times during the overall design 
process, one after the primary design process and the other after the 
final design approval.  

Multiscale finite 
element analysis 

software package, 
and biomechanical 

modeling, simulation 
and analysis 

software package 

G-5: Final 
design approval 

On-line 

G-5 takes place as a final design approval. Here, the surgeon is asked 
to fill out and sign the presurgical planning protocol to approve that
the surgical procedure plan, the patient-specific implant design, and 
its corresponding surgical guides are suitable for the patient. The 
result of this procedure is a detailed planning report of the
preoperative situation, which includes the characteristics of the
implant and the expected postoperative situation to be achieved.

Integrated 
communication 

interphase 

G-6: Material 
supplier 

validation
On-line 

G-6 is used with the purpose of controlling the quality of the powder 
material that comes from the material supplier. According to each 
AM equipment supplier, to achieve the highest performance of their 
specific AM system, it is necessary to use validated powder material,
which is strictly supplied by them. However, regardless of who the 
supplier of the powder material is, the supplier must have a 
recognized quality management program such as ISO 9001, AS9100,
or ISO 13485. 

G-7: Blended 
material 

validation
On-line 

G-7 is performed in order to guarantee the physical and the chemical 
characteristics of virgin and blended powder. For this purpose, first it 
is needed to characterize the metal powder to control its 
characteristics such as particle size distribution, flow rate, particle 
shape, tap density, oxygen content, and hydrogen content [16]. 
Moreover, metal powder should have a chemical composition within
the established limits required by the ASTM and medical standards 
and be free from inclusions and impurities.

G-8: AM 
process 

validation
Off-line 

G-8 is a validation of the AM process that links machine-process and 
nesting parameters with part mechanical properties and more 
general dimensional and shape-related metrological parameters. 
Here, coupons and representative components are also tested using
destructive and non-destructive standard methods to verify that 
dimensional accuracy, mechanical properties, porosity, chemical 
composition, and material microstructure are within the required 
quality standards and specifications. This allows one to verify the
correct functioning of the AM machine through the identification of
links between material properties of coupons and final products, 
including worst case scenarios and process limitations in relation to 
machine conditions, part placement, and geometry.

G-9: Real time 
AM process 
validation

On-line 

Real-time process monitoring is essential for self-regulating process 
control. Therefore, the objective of G-9 is to monitor, in real time, 
the most important process parameter of the AM system used. 
Some of the machine parameters that need to be monitored are: 

Real-time AM 
monitoring system 
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laser or electron beam power and diameter; scanning speed; layer 
thickness; hatch spacing; bed temperature; melt pool; cooling cycle; 
chamber temperature, atmosphere, and pressure. 

G-10: Visual 
inspection 

On-line 

G-10 is a visual inspection of the implant surface quality and 
dimensional deviations. This is required because, during the 
processes of fabrication, detachment from the build platform, and 
removal of support structures, dimensional variations and visible 
surface marks could be introduced. 

 

G-11: Semi-
finished 
product 

dimensional 
validation 

Off-line 

G-11 is a rapid but detailed dimensional validation of the semi-finish 
components. The dimensional validation of components is 
performed by an expert that compares each component with the 
original design and its specified tolerances using basic measurement 
tools such as caliper and micrometer. However, if the implant’s 
geometrical complexity does not allow the undertaking of accurate 
metrological measurements using traditional tools, a more detailed 
dimensional inspection is required. In this detailed dimensional 
inspection, a high-resolution point cloud data obtained from a 
coordinate measuring machine (CMM) and a 3D laser scanner are 
combined to improve measurement resolution and speed. The result 
is a deviation map that quantifies critical component sections such as 
holes for future threads, spherical surfaces, bearing surfaces, and 
surface roughness. A report is then generated to determine whether 
the component is rejected or accepted based on the deviation map. 

CMM and 3D laser 
scanner 

G-12: Periodic 
metallography 
and chemical 
composition 
inspection  

On-line 

G-12 is a periodic inspection that takes place to certify that each 
manufactured batch complies with the required chemical 
composition and microstructure standards for its specific use. For 
this purpose, representative test coupons are used. The results of 
the metallographic examinations should be reported in the device 
master record with microphotographs of the material microstructure 
along with a paragraph containing an interpretation of the results. 
The results of the metallographic examinations should be reported in 
the device master record with microphotographs of the material 
microstructure along with a paragraph containing an interpretation 
of the results.  

Light stereo 
microscope, etching 

solutions, 
grinder/polishing 

machine, 
microhardness 

tester, and X-ray 
fluorescence (XRF) 

spectrometer 

G-13: 
Defectoscopy 

and 
dimensional 

validation 

Off-line 

G-13's objective is to perform an evaluation of shape deviations, 
defectoscopy, and dimensional analysis of semi-finished components 
in one single test. For this purpose, a micro-CT scanner is used to 
obtain a 3D representation of the real implant. The dimensional 
validation is performed with a color deviation map similarly as in G-
11. The defectoscopy test looks through the entire part to identify 
internal pores and powder particles trapped within the trabecular 
and lattice structures.  

Micro-CT scanner 

G-14: Periodic 
inspection of 
mechanical 
properties 

On-line 

To guarantee consistent mechanical properties, the objective of the 
14th quality control gate is to perform periodic tests of each 
manufactured batch. For this, the Food and Drug Administration 
(FDA) recommends the use of test coupons for tensile and micro-
hardness tests [26]. The test coupons should be built within each 
batch, and their location and orientation in the building chamber 
shall correspond to the worst-case scenarios previously identified in 
G-8. 

Universal testing 
machine 

G-15: Surface 
and coating 

characterization 
On-line 

G-15 is a non-destructive quality control gate for implant surface 
characterization. For modified and non-modified surfaces of metallic 
implants, there are several surface characteristics at the microscale 
and the nanoscale that need to be controlled. For this purpose, a 
noncontact topography characterization is preferred. However, 
micrometric and nanometric features should be characterized 
separately.  

Non-contact 
profilometers such 
as low coherence 
interferometer, 

confocal microscope 

G-16: Detailed 
periodic 
random 

inspection of 
finished 
product 

Off-line 

The objective of G-16 is to perform periodic random destructive tests 
of standard and bespoke components. In the case of bespoke 
components, they can only be randomly tested if a strong data base 
is present. This data base should contain enough information about 
all the different variations of an implant family to be able to predict 
the mechanical behavior of its different variations. If this is not the 
case, bespoke components should be manufactured with a twin 
coupon to be subjected to the same destructive tests of AM 
standard components. Moreover, surface properties of coated and 
non-coated implants also need to be tested. Some of these 
properties are roughness, hardness, layer thickness, shear fatigue 
strength, static shear strength, plastic deformation, and abrasion. 

Fatigue testing 
machine and 

universal testing 
machine, indentation 

hardness tester, 
scanning electron 
microscope, and 
coating thickness 

gauges 
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All of these tests should be performed not just to control quality but 
also to create a strong data base for continuous improvement of the 
whole manufacturing process chain. The tests are static and dynamic 
mechanical tests that should be performed following the 
corresponding ASTM standards of each component type. 

G-17: Visual 
inspection of 

finished 
products 

On-line 

G-17 is a comprehensive visual inspection of the final product. The 
aim is to detect residual errors that could not be detected in 
previous stages. Here, an inspector checks the overall quality of each 
implant and assembly, including all the product documentation from 
the previous quality control gates. In this quality control gate, the 
inspector visually compares each component and assembly with the 
original design and its specified tolerances. Some of the critical areas 
to be measured are thread holes, assembly tolerances and 
movement, and height and width of each component.  

Caliper, micrometer, 
magnifying goggles, 

and schematics  

G-18: 
Sterilization and 

Packaging 
validation 

Off-line 

The objective of G-18 is to perform a validation and routine 
inspections of cleaning, disinfection, sterilization, marking, labeling, 
and packaging processes. G-18 also includes biocompatibility tests to 
certify batches. The sterility validation of medical devices at the 
industrial scale can be performed using a small number of product 
samples to determine the sterility assurance level (SAL). After 
validation, the efficiency of disinfection, cleaning, and sterilization 
processes most be routinely monitored on each cycle. Therefore, 
during routine production, quality engineers must check sterilization 
certificates and sterilization indicators. 

Regarding marking, labeling, and packaging of patient-specific 
implants, a visual inspection is required. In this visual inspection, it is 
necessary to verify that each component is adequately marked 
based on patient information and intended used. Moreover, external 
package labeling should correspond to it content and follow the 
corresponding standards. Regarding the main implant package, it is 
important to inspect it in an exhaustive way to identify potential 
issues such as punctures, damage, or defective sealing. 

Product master 
record, sterilization 

certificates, and 
magnifying goggles 

 

6.4 Discussion  

The different AM technologies for metal 3D printing presented in this study have proven 

to be ideal for the fabrication of patient-specific implants. The advantages and the 

disadvantages of each system heavily rely on the needs, the budget, and the market 

strategies of each company. For example, DMLS systems have lower acquisition cost and 

can fabricate higher resolution parts than EBM systems. On the other hand, EBM systems 

have a better monitoring system and much higher production rate than DMLS. 

Furthermore, the patented AM system of Company C is the only AM system that can 

truly mass produce metallic components, making this system the best competitor for mass 

production of medical devices. Regarding quality control technologies for the design and 

the fabrication of patient-specific implants, it can be said that there are several key 

technologies that are currently applied by some companies to further improve the 

production quality of these products. Firstly, a concurrent engineering online 

communication interphase is vital not only to facilitate the communication between the 

clinical engineer and the surgeon but also to support real time information exchange that 
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reduces the risks of miscommunication, helping to easily identify potential issues during 

the implant design process. 

The second key technology is a real time monitoring system for AM that can accurately 

monitor and control the AM production process. These real time monitoring systems are 

the first steps in quality control of AM machines. The last vital technology for quality 

control of patient specific implants is the combination of contact coordinate measurement 

machine, 3D laser scanner, and micro CT scanner for an accurate dimensional analysis 

and defectoscopy of metallic components. Nevertheless, to mass produce complex and 

high-performance metallic components with reliable characteristics with AM, more 

advanced AM machines are needed. These types of AM need to be completely integrated 

with micro-CT scanners—infrared cameras with smarter in-line monitoring systems—to 

fully control the manufacturing process in real time and achieve zero defects rates. 

ISO quality management system certifications such as ISO 9001 and ISO 13485 as well 

as medical device registrations have proven to be great competitive advantages for many 

companies [637]. They can also be considered as the starting point towards more 

specialized quality management systems such Six Sigma, Lean Six Sigma, and total 

quality management [322, 329]. Aspiring to world-class quality standards and process 

performance requires great organizational efforts and investment in training and advanced 

technologies [322, 329]. For AM practices to achieve similar process performance levels 

as traditional manufacturing, comprehensive standards and well-tailored quality 

management systems are needed [462]. In the current environment, companies may 

perceive that the journey to world-class quality is long and undefined; nonetheless, there 

are a number of companies who are venturing into this unexplored territory with 

promising results. 

With the explosion of AM technologies, companies such as the ones studied in this 

research are rapidly adapting and learning to take the great opportunities that AM is 

offering to the medical device industry. For this purpose, these companies are employing 

a variety of different strategies and approaches that are providing insight towards high 

quality AM products. There are several lessons learned in this research regarding process 

performance of AM of patient-specific implants. The first lesson is that R&D oriented 

companies are more prepared to apply innovative technical advances and can react more 

rapidly against the innovations of competitors. In this way, corporate emphasis on R&D 

leads towards higher levels of performance [638]. This can be clearly reflected by 
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Companies A and B, who were able to develop and apply their own technology to extract 

powder particles from lattice structures, achieving results well surpassing the regulatory 

allowance. 

Secondly, a company’s knowledge and expertise are some of the main factors for 

competitive advantage [577]. When a company ventures into a new market that is closely 

related to their core business, the new success factors that it faces are similar to the 

original challenges [639]. However, this situation can only positively impact corporate 

performance if the firm is able to rely on its previous strengths and adapt to overcome the 

new challenges [638, 639]. For example, Company B has successfully integrated their 30 

years of experience, human resources, and quality control technologies to control the 

production of patient-specific implants. 

Finally, in emerging markets, companies have the opportunity to obtain competitive 

advantage by aligning their efforts and strategies towards new external opportunities 

[133]. In these circumstances, a competitive advantage can be created by adding 

exclusive, valuable resources that rivals are unable to replicate [640]. In these 

circumstances a competitive advantage can be created by adding exclusive, valuable 

resources that rivals are unable to replicate [641]. New venture companies are key players 

in the development of high-tech industry [642], which can give to them significant 

competitive advantage [643]. In the case of Company C, their in-house developed AM 

system provides this company a significant technological competitive advantage in terms 

of production capacity. The production capacity of the AM system used by Company C 

allows them to mass produce additively manufactured components at a rate rarely seen in 

the AM industry. This strong manufacturing capability also allows Company C to 

aggressively compete in the market with a much lower price (up to 80% less). Another 

strategy to compete in the AM industry is the manufacture of components for different 

markets to increase profitability without affecting production costs [643]. This strategy 

can be seen in Company C, which manufactures products for a variety of sectors such as 

aerospace, automobile, oil and gas, medical, and dental. Early entry in a new market can 

lead to high levels of long-term performance [638]. Nevertheless, one of the main 

important challenges for new ventures is to build long-term performance, which requires 

acquisition of knowledge, experience, manufacturing assets, and tangible and intangible 

resources [643]. Therefore, production performance improvements within Company C 
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can be obtained by gaining further AM production experience and capital to invest in 

R&D and high-tech quality control technologies. 

Meeting current regulations and standards is not enough to register and market high 

quality patient-specific medical devices. Knowing that the future changes in the medical 

device regulations will make more stringent the requirements to register and 

commercialize patient-specific implants, it is vital that companies in this sector are better 

prepared. It is already known that regulatory changes will force manufacturers and 

designers of patient-specific medical devices to provide sufficient clinical data and 

clinical evaluation before the registration of a device in order demonstrate its clinical 

performance and benefits. However, following traditional design approaches and trial-

and-error studies, it is not feasible to clinically test every patient-specific implant that is 

produced due to the large number of clinical trials and costs involved during this process. 

Moreover, it is not possible to fully demonstrate the benefits of patient-specific implants 

if current design approaches do not account for patient specific joint contact forces 

produced during real-life activities. 

To adequately address these challenges, we propose the combination of the Quality by 

Design (QbD) system with a 4D implant design approach, presented in our previous work 

[34], in conjunction with the 18 integrated quality control gates formulated in this study. 

The QbD system allows practitioners to systematically design, test, and produce reliable 

products with minimal clinical trials and costs. This is possible because using the QbD 

system can result in a 90% reduction in required experimental runs while providing a 

deep understanding of a product, as already proven in the pharmaceutical sector [34]. On 

the other hand, the 4D implant design approach can help to validate patient-specific 

implants with patient-specific computational neuromusculoskeletal (NMS) predictions 

and multiscale finite element analysis (MFEA), reducing the number of mechanical and 

in vivo tests. 

This 4D implant design approach can accelerate the development process of patient 

specific implants and simultaneously improve their reliability before clinical testing. 

Finally, the 18 integrated quality control gates proposed in this study can be used as a 

starting point to further improve quality control strategies in the sector of additively 

manufactured patient-specific implants. These 18 integrated quality control gates 

combine the best proven quality control practices from three companies manufacturing 

patient-specific implants as well as best-practice guidance outlined in the literature, 
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making the proposed 18 quality control gates of great value to this industry, new ventures, 

and research groups. Readers are referred to the practitioner companion guide provided 

in the Appendix J for a complete description of the developed procedure. 

For mass production of AM standard components and bespoke components, the proposed 

quality control gates can help to reduce the potential costs related to defective products. 

Obviously, these savings must be higher than the inspection costs, because unnecessary 

inspections and longer inspection times can force the inspection capacity to an increment 

of inspection errors and excessive costs [644]. However, to reduce inspection time 

without decreasing the performance of the process, a more detailed study is required. 

Hence, future studies should focus on time and cost-efficient AM inspection processes in 

combination with in-line quality control technologies. 

The limitation of this study was the small sample size of studied companies. However, 

this is common in qualitative research, which is characterized by small samples but 

detailed and extensive work [378]. Moreover, the openness and the knowledge sharing of 

the studied companies gave us an accurate snapshot of the technologies, the 

manufacturing processes, and the quality control methods used by them. This allowed us 

to acquire valuable detailed information to perform a comprehensive analysis and to 

develop an integrated quality control workflow. Therefore, the results of this study are 

the starting point to further improve quality control strategies in the sector of patient-

specific implants and to help this industry be properly prepared for future changes in 

medical regulations. Overall, this study can be used as the foundation for future studies 

in engineering quality management of additive manufactured patient-specific implants. 

Consequently, in future research, the authors will work on a dedicated paper that will be 

focused on complementing the developed quality control workflow by identifying the 

most critical quality risks and their corresponding corrective and preventive actions in the 

form of a Failure Mode, Effects and Critical Analysis (FMECA). Moreover, future work 

in the field of engineering management should focus more on AM industry case studies 

in order to share best industry practices, which are necessary to fully leverage the great 

advantages of AM. Furthermore, another important area to consider is bioprinting, which 

is a rapidly growing field of research and development [645]. Bioprinting is a promising 

research field aimed towards the fabrication of complex biological constructs of living 

tissues, such as muscles and organs [646].  
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Despite the fact that bioprinting is not yet widespread at a commercial scale [46], several 

efforts have been made for its standardization [647, 648]. Nevertheless, there is a 

significant need for future research to focus on the development of quality control 

technologies and strategies as well as process validation methods for bioprinting [649], 

in order to facilitate its clinical testing and foster its adoption and standardization. 

6.5 Conclusions 

This study explored a variety of aspects related to the production and the quality control 

of additively manufactured patient-specific implants in three different companies. 

Companies operating in this market sector should adhere to several critical success factors 

identified in this study, including continuous investment in R&D, investment in advanced 

technologies for quality control, and fostering a quality improvement organizational 

culture. Furthermore, in time, companies should embrace more advanced quality 

management systems such as Six Sigma and TQM. 

This study developed an innovative quality control workflow composed of 18 gates. This 

quality control workflow comprises the best practices adopted by the studied companies, 

the FDA guideline for AM medical devices, and ASTM standards. This integrated quality 

control workflow represents a starting point to further improve quality control strategies 

in the sector of patient-specific implants and to help this industry for future changes in 

medical device regulations. Implementation of the developed quality control procedure 

outlined herein should reduce the propagation of quality issues through the product 

development cycle and production chain, thus minimizing the risk of product recalls and 

ultimately leading to heightened levels of confidence with AM patient-specific implants. 

Nevertheless, having a comprehensive quality workflow does not help to improve the 

yield or reduce the defect rates in production.  

Manufacturing processes must be able to produce products within specification limits, 

otherwise, there will be defective products that would eventually increase costs, prices, 

and customer dissatisfaction. However, due to the infancy of the AM industry for patient-

specific medical products, there is presently a low level of maturity with respect to quality 

control technologies, comprehensive standards, and a tailored quality management 

system. From the results of this study, it can be said that much more has to be done to 

improve AM machines in order to achieve Six Sigma production levels.  
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For this purpose, further developments are necessary to produce faster and more accurate 

AM machines coupled with smarter and more advanced real time quality control 

technologies. Therefore, the journey for AM to achieve a Six Sigma level process has not 

yet been well defined and may take some time to be realized. It is important to remember 

that the success of world-class companies relies not only on their products but also on the 

use of advanced quality management systems, decades of experience, and a strong 

collaboration with other industries towards standardization.  

In order to accelerate the maturity of the AM industry and derive greater quality outcomes 

for its products, there is a need to review and share industry best-practices, as has been 

conducted in this study. 

6.6 Acknowledgements  

The authors would like to acknowledge Peter Scheinemann and Klemens Terhaer for their 

valuable assistance and knowledge sharing.  

 

 

 

 

 

 

 

 

 



Chapter 7 

188 | P a g e

CHAPTER 7 

IN-DEPTH QUALITY BY DESIGN FOR 

TNT:  STEPS 1-2 

Statement of contribution to co-authored published paper 

This chapter includes a co-authored peer-reviewed paper. The bibliographic details of the 

paper, including all authors, are:  

Daniel. Martinez-Marquez, Karan Gulati, Christopher P. Carty, Rodney A. Stewart, and 

Sašo Ivanovski (2019), “Determining the relative importance of titania nanotubes 

characteristics on bone implant surface performance: a quality by design study with a 

fuzzy approach” Nanoscale [submitted October 2019]. 

My contribution to the paper included collecting and analysing the data, reviewing the 

pertinent literature, interpreting the results, developing the adaptation of QbD system, and 

drafting the paper. 

Signed:         Date: 25/10/2019 

Daniel Martinez-Marquez 

Countersigned:         Date: 25/10/2019 

Co-author: Prof. Rodney Stewart (Principal Supervisor, School of Engineering and Built 

Environment, Griffith University) 



Chapter 7 

189 | P a g e

Countersigned:         Date: 25/10/2019 

Co-author: Dr. Christopher P. Carty (Principal Supervisor, School of Allied Health 

Sciences and Gold Coast Orthopaedic Research and Education Alliance, Menzies Health 

Institute Queensland, Griffith University; Department of Orthopaedic Surgery, 

Queensland Children’s Hospital, Children's Health Queensland Hospital and Health 

Service, Brisbane, QLD, Australia) 

Countersigned:         Date: 25/10/2019 

Co-author: Dr. Karan. Gulati (School of Dentistry, The University of Queensland, 

Herston, QLD, Australia.)  

Countersigned:         Date: 25/10/2019 

Co-author: Prof. Sašo Ivanovskib (School of Dentistry, The University of Queensland, 

Herston, QLD, Australia.)  



Chapter 7 

190 | P a g e

Determining the relative importance of titania nanotubes 

characteristics on bone implant surface performance: a quality 

by design study with a fuzzy approach  

Abstract: Among the various nano-topographic modifications of Ti, electrochemically 

anodized (EA) TiO2 nanotubes (TNTs) stands out due to their enhanced bioactivity and 

ability to facilitate local drug elution. Electrochemical anodization (EA) is a cost effective 

and simple method to fabricate controlled nano-engineered surfaces with highly ordered 

TiO2 structures. TNTs are suggested as an ideal implant surface strategy with tailorable 

cellular modulation and therapy functions, suitable for both the orthopaedic and dental 

implants clinical settings. However, for new medical technologies to be commercialized 

into the medical device market, it is imperative to implement product development 

strategies capable of avoiding the ‘valley of death’. Inconsistencies related to our 

understanding of the way that various TNTs characteristics influence bone implant 

functions, and the multi-factorial inter-dependence of such characteristics, requires an in-

depth quality by design (QbD) analysis to derive optimized TNTs-modified implants, thus 

bridging the gap between research and the implant industry. To this end, an extensive 

systematic literature search was undertaken to identify the various TNTs characteristics 

that may influence implant performance. Subsequently, in order to facilitate a QbD 

analysis, a web-based expert questionnaire survey was carried out to determine the 

perceived contribution of the various TNTs characteristics on an implants’ biological, 

physicochemical, and mechanical performance. To achieve this goal, the quality function 

deployment (QFD) method was employed using symmetrical triangular fuzzy numbers 

(STFNs) to translate qualitative expert opinion into meaningful quantitative information. 

The results show that pore diameter, inter-nanotube distance, wall thickness are the TNTs 

characteristics with the most influential effects on the overall implant surface 

performance. 
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7.1 Introduction 

Titanium (Ti) and its alloys are the ideal material choice for orthopaedic and dental 

implant applications, owing to their biocompatibility and corrosion resistance [3]. 

However, despite the excellent biocompatibility and mechanical properties of Ti and Ti 

alloys, they usually require long healing periods to create a stable interface with the 

surrounding bone [16], with insufficient implant osseointegration a potential outcome 

[17].  

Hence, to further augment its bioactivity, Ti surface modifications have been performed 

in the macro, micro and nano-scales [18-20]. Briefly these include 

hydroxyapatite/polymer coating, protein immobilization and various topography 

modifications achieved by anodization or acid-etching [21]. Numerous in-vitro and in-

vivo investigations have established that nanoscale topography outperforms macro and 

micro-scale surface features towards augmenting cellular functions [22]. Additionally, 

studies have also revealed immune-modulatory and antibacterial effects from various 

nano-scale surface modifications [23]. 

Among the various nano-topographic modifications of Ti, electrochemically anodized 

(EA) TiO2 nanotubes (TNTs) stand out due to their enhanced bioactivity, and ability to 

be functionalized via local drug loading and other methods [125-127]. EA is a cost 

effective strategy to fabricate highly ordered TiO2 structures with a great degree of 

control over their dimensions [128]. TNTs are an ideal bone/dental implant surface 

modification owing to their tailorable influence on cellular and therapeutic functions [79, 

129-131]. The ability to load and locally elute various therapeutics from nanotubes has

demonstrated customizable anti-bacterial, immune-inflammatory and osseointegrative 

functions [79, 129-131].  

Nonetheless, for novel TNTs based modifications to survive the implant product 

development “valley of death’’ a number of issues must be addressed [33]. The “valley 

of death”, as shown in Fig 7.1, is the stage of the product development life cycle where 

the majority of products and new ventures fail due the large investment necessary for pre-

clinical and clinical trials necessary for subsequent clinical translation and 

commercialization [34]. In the case of TNTs-Ti implants, these challenges include the 

optimization of commercially viable implant surfaces, control of numerous contributing 

EA parameters, long-term in vivo studies under mechanical loading, mechanical stability 
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concerns, and quantification of local drug release inside the surgical micro-environment 

[650, 651]. Furthermore, for novel implant technologies, exacting regulatory 

requirements and the need for costly pre-clinical/clinical studies exacerbate the 

translational challenges [35, 371]. Nevertheless, the recent advent of Quality by Design 

(QbD) has the potential to assist with the integration of novel medical technologies into 

current industries [373]. 

Figure 7.1. The “Valley of Death” in the product development life cycle of medical 

devices. 

The QbD system was first created by Joseph Juran in 1985 and adopted by the US Food 

and Drug Administration (FDA) in 2004 [37, 39]. In relation to this study, QbD aims to 

facilitate the design of commercially viable nano-engineered implants by integrating 

different technologies within the same framework, thus considering all aspects of their 

life cycle [41]. The result is a flexible regulatory framework designed to optimize the 

product development and manufacturing processes, and to enhance quality [39]. QbD 

focuses on acquiring process control through a deep understanding of products and 

processes using science, engineering and quality risk management [38]. Moreover, QbD 

accelerates research timelines and reduces development costs, by avoiding trial-and-error 

studies, and focuses on utilizing methods aimed towards product development [338, 339, 

344]. For example, a systematic implementation of the QbD system can lead to a 

reduction of experimental runs by up to 90% [34]. As a result, the implementation of QbD 

can help to reduce the regulatory burden that forces many product engineers to purposely 

design their products to fit within existing approved thresholds in order to avoid seeking 

further time consuming approvals for minor variations [40]. The QbD system comprises 

of eight steps that should be followed in a systematic feedback forward loop to achieve 

its benefits and allow for continuous improvement, as presented in Fig 7.2. 



Chapter 7 

193 | P a g e

Figure 7.2. QbD systematic product and process design development flow chart, 

showing the focus of this study. 

7.2 Purpose and Objectives 

The purpose of this research is to provide researchers and industry with an in-depth 

adaptation of the QbD framework for the fabrication of TNTs-Ti modified therapeutic 

bone/dental implants. QbD considered the ICH Harmonised Tripartite Guideline 

Pharmaceutical Development Q8(R2) [47] and existing quality engineering management 

tools. In this study we achieved the following three main objectives: 

1. Identify and rank the critical quality attributes (CQA) of TNTs-Ti surfaces that

can enhance bone/dental implants performance.

2. Identify the relationships between the CQA of TNTs-Ti surfaces and TNTs

characteristics for bone/dental implant performance.

3. Identify the level of perceived contribution of TNTs characteristics to the overall

implant performance from the biological, physicochemical, and mechanical

perspective.



Chapter 7 

194 | P a g e

7.3 Scope 

The QbD approach comprises of eight main steps (Fig 7.2) that need to be systematically 

followed to acquire a complete comprehension of the product and its manufacturing 

process, including the identification and control of all variables to ensure the desired 

quality. Specifically, the scope of this present study was limited to the implementation of 

the first two steps of the QbD framework for TNTs fabrication via electrochemical 

anodization (EA). Details on how TNTs characteristics can be affected by the various EA 

parameters is outside the scope of the present study.

7.4 Materials and Methods 

Taking into consideration the nature of this study (engineering management research in 

the field of nano-fabrication) a constructive research approach was adopted [48, 348]. 

The rationale behind this strategy was to formulate the QbD system for TNTs-Ti implants 

in order to qualitatively identify the level of contribution of TNTs characteristics to 

implants’ biological, physicochemical, and mechanical performance. The solution for the 

first two steps of the QbD system was performed by applying two engineering 

management problem-solving techniques, namely QFD method and the HoQ matrix. 

Moreover, this constructive research approach requires both a systematic search into the 

contextual literature to acquire an in-depth understanding of the problem and then 

solicitation of industry expertise to reveal specific information. The six phases of the 

constructive research approach were followed [48], to achieve the study’s three main 

objectives, namely: 

1. Find a challenge that has significant research potential (i.e addressing research

gaps in knowledge by formulating the QbD system for the development of TNTs).

2. Perform a systematic search, followed by tailoring the QbD system for TNTs.

3. Extend the QbD system into the emerging field of nanoengineered surfaces with

TNTs for bone/dental implants.

4. Demonstrate that a systematic implementation of the QbD system for TNTs-Ti

implants can assist in the qualitative identification of the most influential TNTs

characteristics that can affect implant functions.

5. Show the connections between the research contribution and published literature.

The newly proposed QbD approach is supported by both primary and secondary
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data from various datasets of peer-reviewed publications, and a questionnaire 

performed with experts in the field of study (TNTs-based Ti bone/dental 

implants). 

6. Examine the applicability of the QbD solution. This study will facilitate the design 

of TNTs nano-engineered surfaces for bone/dental implants through a qualitative 

identification of the relationship of TNTs characteristics with implant’s 

mechanical, biological and physicochemical performances. 

7.5 Data Collection  

The data collection for this study involved a systematic literature search as well as an 

online-questionnaire, which were integrated to develop the adaptation of the QbD system 

for the fabrication of TNTs implants via EA. The systematic search was designed 

following the Prisma statement [359], and performed using the Google Scholar and 

Elsevier databases until 26th Feb 2019. The main goal of the systematic search was to 

identify the CQA of TNTs-Ti implants that may influence treatment outcome. 

The online-questionnaire was designed to identify the significance of the CQAs of TNTs-

based Ti implants, including the level of influence of TNTs characteristics in relation the 

CQAs. The design of the questionnaire was based on the principle the “wisdom of 

crowds” (WOC) which is widely used to solve complex forecasting problems in different 

research fields such as economics, molecular biology, neurocomputing,  and robotics 

[652-655]. It has been demostrated in the forecasting literature that using the WOC 

method often perform as well as more sophisticated statistical methods [656, 657]. 

According to Budescu and Chen [658]  the claim behind WOC is that “the judgments of 

a group of individuals will be more accurate than those of the average individual by 

exploiting the benefit of error cancellation”. However, when a surveyed group is 

composed of  uninformed judges can lead to inaccurate forecasts [659]. Therefore, it is 

noteworthy that the evaluation of this study is inherently reliant on expert judgment [658, 

660]. It is therefore important that such assessments are based on all reliable and relevant 

scientific data, and that assessment principles and assumptions are transparently applied 

[652]. For more details about the data collection methodologies refer to Appendix L. 
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7.6 Study Selection and Survey Participation 

The studies from the systematic search were selected according to the following inclusion 

criteria: (1) peer-reviewed papers with full-text published in the last 19 years (2000-

2019); (2) empirical studies describing methodologies and experimental factors were used 

to control the mechanical, biological, and physicochemical properties of TNTs; (3) 

published in the English language; (4) evaluate only the articles of the first 30 pages of 

the search results; and (5) sort the search results by relevance. 

The criteria to select the participants for the questionnaire was based on their experience 

and expertise in the field of study (TNTs-based Ti bone/dental implants). Moreover, 

taking into consideration that TNTs technology has not been translated into the 

commercial implant industry, only researchers in the field of TNTs via EA, orthopaedic 

implants, bone biology and bone/dental implant interaction were selected. It has to be 

pointed out that the sample size of this study was limited by the number of researchers in 

this domain. In addition, the snowball sampling method was selected since it allows for 

further study participants to be suggested or introduced from the existent participant  

network [377]. 

7.7 Data Extraction and Analysis 

For the systematic literature search, full-text screening was independently performed by 

D.M and K.G. Any discrepancy between the reviewers was resolved by a consensus

meeting. The articles were thoroughly reviewed, analysed and classified based on the 

following information: nano-engineered surfaces and TNTs’ mechanical, biological, and 

physicochemical properties. Additionally, the reference list from collected papers was 

systematically reviewed to find further related research items. Once all applicable 

literature was identified the QbD system was specifically formulated for the fabrication 

of TNTs-Ti implants. More details are provided in the Appendix L. 

The questionnaire consisted of two main sections, each divided into three subsections: 

biological, physicochemical, and mechanical. The first main section of the questionnaire 

was for the rating of the CQA (biological, physicochemical, and mechanical) of TNTs-

based Ti bone/dental implants.  The second section of the questionnaire was to identify 

the relationship of TNT characteristics with the CQA. Each participant had the option to 
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choose the questionnaire sections accordingly to their field of expertise. The 

questionnaire design was based on the house of quality (HoQ) matrix, which is part of the 

Quality Function Deployment (QFD) method developed by Mitsubishi in 1972 and 

adopted by a variety of firms such as Toyota, Procter & Gamble, Ford, GM, Hewlett-

Packard, and Puritan-Bennett to assist and accelerate the product development process 

[661, 662] (Fig 7.3). 

The HoQ is a tool used to translate customer’s requirements into product design and to 

identify the design characteristics that best satisfy the customer’s needs [661]. Therefore, 

by using the HoQ, it is possible to find the TNTs characteristics that have the most impact 

on implant performance, thus facilitating the identification of fabrication factors which 

need more attention during the quality control process.  At the top of the matrix is the 

roof of the HoQ where the correlation of the design characteristics are allocated to help 

to identify existing conflicts or constraints between them [663]. It has to be noted that 

most of the time changes in one engineering attribute may affect others. Therefore, the 

roof of the HoQ facilitates the identification of the relationships between design variables 

in order to eliminate negative relationships and contradictions [663]. Nevertheless, this 

section of the HoQ was not covered by this study. 

Figure 7.3. Effect of QFD on product development time. 

Human subjects tent to interpret information and assess concepts in a subjective manner 

using linguistic terms, therefore it is not reasonable to use defined and precise numbers 

in the application the HoQ matrix. Moreover, the complexity of nano-scale interactions 

of biological systems makes the development of TNTs-Ti cumbersome, due to the 
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limitations of precise mathematics for dealing with animated systems [664]. Therefore, 

fuzzy logic is an ideal approach to model, describe, and solve complex biomedical 

problems [665].  

Zadeh [666] introduced the concept of fuzzy sets to deal with the “principle of 

incompatibility”, which states that precision is inversely proportional to complexity, 

becoming almost mutually exclusive characteristics. This principle can be seen in 

stochastic and uncertain soft systems inherent in medicine, biology, genetics, and 

agriculture [665]. Fuzzy logic was developed for solving problems in which descriptions 

of objects are subjective, vague and imprecise Chan and Wu [667]. Fuzzy logic uses 

partial membership values to classify imprecise data, in which the transition from 

membership to non-membership is gradual rather than abrupt [666]. Subsequently, the 

assessment of the HoQ of this study was performed using symmetrical triangular fuzzy 

numbers (STFNs) so their vagueness can be captured thereby allowing a more accurate 

description of the decision-making process, thus providing a suitable method to extract 

and summarise qualitative expert knowledge to be used in decision support systems, such 

as HoQ [668, 669]. Further details on the data extraction and analysis procedures are 

provided in Appendix L. 

7.8 Results  

The systematic search identified a total of 176 studies which were qualitatively analysed 

to tailored steps 1 and 2 of the QbD system for TNTs implants. For the online-

questionnaire, a total of 57 expert participants were invited and 39 researchers and 

medical practitioners responded (response rate of 68.4%). From the total participants 37 

responded the first section of the questionnaire, and 13 participants responded the second 

section. It is noteworthy to mention that this study is characterized by small samples, 

however the samples involved detailed and extensive work [378]. The participants’ pool 

included post-doctoral researchers, professors, and medical practitioners with an average 

of 14 years of experience (minimum 3 years, maximum 45 years) in different fields such 

as: biomaterials; tissue engineering; nano-engineered titanium implants; dental 

implantology; hard/soft tissue regeneration; wound healing; osteoimmunity; peri-

implantitis; oral and maxillofacial surgery; bone interfacing implants; and orthopaedic 

surgery. Moreover, the survey covered participants located in North America, South 

America, Europe, Asia, and Oceania.  
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7.8.1 QbD Step 1: Ideal Quality Target Product Profile (QTPP) 

The Quality Target Product Profile (QTPP) helps to formulate the ideal characteristics 

and desired features of the product, taking into account safety and performance [392]. To 

establish the QTPP it is important to understand the users’ (clinicians) needs in order to 

direct the product development process to a clear goal,  while minimizing risks throughout 

the various  development phases [670].  

A recent study by the authors recommended that the quality of the next generation of bone 

implants should be defined from three broad unique perspectives, namely product-based, 

manufacturing based, and user based [34]. Moreover, within these three perspectives of 

quality there are eight different dimensions of quality used to describe product 

characteristics: (1) performance, (2) features, (3) reliability, (4) conformance, (5) 

durability, (6) perceived quality, (7) serviceability, and (8) aesthetics [399]. However, in 

the context of TNTs surfaces for bone implants the first six dimensions of quality are the 

most relevant, as presented in Table 7.1. 

In the product-based approach, quality is based on product attributes focusing on 

performance, features, and reliability. It is assumed that products with more attributes are 

more expensive [395]. This quality perspective in the biomedical device market is 

supported by the belief that a product with better attributes requires increased research 

and development, as well as expensive and advanced technologies for its manufacturing. 

The Performance quality dimension refers to the product’s basic functional attributes that 

can be measured. Features refers to the additional attributes that complement the 

product’s basic functions. Reliability is the third dimension and relates to the probability 

of failure in a specified period of time [399]. The manufacturing-based approach is the 

engineering and production point of view which is concerned with the product’s quality 

deviations from specifications. Thus, the focus of this approach is to minimize product 

failure resulting in lower costs. In the case of medical devices, the manufacturing-based 

approach is strongly emphasized by the strict regulations imposed by medical regulatory 

organizations such as the FDA. The quality dimensions associated with this approach are 

conformance and durability. Conformance is related to how a product or process 

characteristics meet established standards. Durability refers to the product’s life span 

having economic and technical aspects, which are closely related to reliability Garvin 

[396]. 
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The user-based approach defines quality from a consumers end  perspective, thus the 

products with the highest quality are those which best satisfy their preferences Garvin 

[396]. The quality dimension of this approach relevant to TNTs is perceived quality. This 

dimension is closely related to brand reputation where product brand image, advertising 

and market trends are the main drivers. On the contrary, in the orthopaedic/dental implant 

markets the clinician is the client, as they usually lead the decision-making process and 

base their decisions on medical and scientific reports containing the product’s technical 

information such as failure rates. 

Table 7.1 The ideal six quality dimensions of TNTs surfaces for titanium 

bone/dental implants. 

7.8.2 QbD Step 2.1: Critical Quality Attributes (CQA) of Nanotube Modified 

Implants   

The Critical Quality Attributes (CQA) are the product characteristics that should be 

within specific limits to ensure that they comply with desired quality standards defined 

in the QTPP [47]. The identification of CQA is derived from prior knowledge about the 

product and the fabrication process [671] based on a scientific and risk management 

rationale, taking into consideration industry and regulatory requirements [38]. In this 

study the identification of the CQA of TNTs-Ti implants was informed through a 

systematic literature review.  

Quality 
Approach 

Dimension Definition Description 

Product-based 
approach 

Performance 

Relates to 
measurable 
product 
attributes 

TNTs surfaces should upregulate bone cell functions resulting in long-
term osseointegration, in terms of both orthopaedic and dental 
implant settings. 

Features 
Complementary 
product’s 
attributes 

Tailored cellular modulation and local drug elution can be achieved 
by TNTs modification of implants. 

Reliability 
Probability of 
failure 

Optimized fabrication of mechanically-robust TNTs on commercial 
implant geometries with a high degree of reproducibility, with 
minimum defects, and zero failure rates (within their life expectancy). 

Manufacturing-
based 
approach 

Conformance 
Meeting 
standards 

TNTs surfaces may comply or exceed medical regulations and quality 
standards. 

Durability Product life span 
TNTs should withstand mechanical forces experienced during 
handling, implantation surgery and operation thereafter in a 
traumatized bone microenvironment constantly under load. 

User-based 
approach 

Perceived 
quality 

Product brand 
image 

Clinicians should have access to relevant characteristics through 
medical reports and statistical data where TNTs/Ti implants’ 
performance can be seen. 
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According to our results, there are 21 CQAs of TNTs-Ti implants that can be categorized 

into three main groups: biological, mechanical, and physicochemical [426, 672-674], as 

shown in Table 7.2. These three CQA groups contain the essential properties that need to 

be considered for development of TNTs-Ti implant surfaces due to their likely influence 

on implant performance based on the QTPP defined in the step 1. 

Table 7.2 Summary of CQA of nano-engineered Ti implant surfaces for 

orthopaedic and dental applications. 

Biological CQA Physicochemical CQA Mechanical CQA 

Protein adhesion Wettability/surface energy Modulus of elasticity 

Cell adhesion Surface charge Wear resistance 

Cell migration Corrosion resistance Fatigue strength 

Cell proliferation Topography Compressive strength 

Cell differentiation Micro roughness Bond/shear strength 

Mineralization Nano roughness Hardness 

Immune-inflammatory 
responses 

 Toughness 

Antibacterial properties   

 

To develop an effective engineering strategy for the design of nano-engineered implants, 

it is vital to firstly identify the relative degree of importance of each CQA. To achieve 

this via the online-survey each participant was asked to indicate their perception on the 

importance of each CQA based on a qualitative five rating scale proposed by Chan and 

Wu [667], as shown in Fig 7.4. 

Figure 7.4. Qualitative five rating scale for CQA and its corresponding triangular 

fuzzy numbers. 
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7.8.2.1 Biological Characteristics   

Each implantable material inside the human body must satisfy the biocompatibility 

demands depending on the biochemical and physical environments of the implant 

location. In the case of bone/dental implants, the ultimate goal is to achieve 

osseointegration, which is the establishment and maintenance of a long-term bond 

between bone and the implant surface [675]. In the case of compromised osseointegration, 

a fibrous tissue encapsulating the implant may form leading to loosening and failure 

[676].  

Based on our findings, there are eight main biological CQAs that need to be carefully 

addressed during the design of a nano-engineered implant surface. As perceived by the 

survey’ participants, immune-inflammatory response is the most important biological 

CQA with a fuzzy score between 7.16 and 8.24 out of 9 (Table 7.3). The high level of 

importance of this CQA is due to the fact that the regenerative healing process of tissues 

is initiated by the immune-inflammatory response which controls the initial response of 

the biological environment to the insertion of any biomaterial, and involves the 

conditioning of the material surface by the rapid adsorption of proteins [404, 406]. 

Notably, protein adhesion was identified as the fifth most important biological CQA. 

Moreover, during the bone healing process, the injury site is influenced by several factors 

such as oxygen tension, pH, growth factors, and mechanical stability [407]. Disturbances 

during this initial inflammatory process can potentially lead to impaired downstream bone 

healing [405].  Therefore, the inflammatory phase is the first step of the healing cascade 

that triggers the wound healing leading to bone formation and ultimately successful 

osseointegration [405, 677, 678].  

Table 7.3 Relative importance rating (crisp and fuzzy) and raking of biological 

CQA of nano-engineered Ti implant surfaces. 

Biological CQA Crisp score Fuzzy score Ranking of CQA  

Immune-inflammatory response 8.14 [7.16, 8.24] 1 

Cell adhesion 7.38 [6.38, 7.97] 2 

Mineralization 7.32 [6.32, 7.89] 3 

Cell differentiation 6.78 [5.78, 7.46] 4 

Protein adhesion 6.73 [5.73, 7.49] 5 

Cell migration 6.57 [5.57, 7.30] 6 

Cell proliferation 6.46 [5.46, 7.27] 7 

Antibacterial properties 5.65 [4.65, 6.51] 8 
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Cell adhesion was rated as the second most important biological CQA with a fuzzy score 

between 6.38 and 7.97 out of 9, as shown in Table 7.3.  According to Schneider et al. 

[679] osteoblast adhesion is a vital step towards [680-682] the deposition of a mineralized 

matrix  [679, 681, 683] required to eventually achieve direct contact between the implant 

surface and bone tissue [684]. Poor cell adhesion on the other hand may result in implant 

failure [685]. Moreover, the quality of cell adhesion dictates a cell’s capacity to proliferate 

and differentiate [681, 684]. It is well stablished that the long-term success of the implant 

depends on the quality of osseointegration which is closely related to the mineralization 

of the bone’s extracellular matrix [686]. Therefore, bone mineralization is considered as 

one of the main performance indicators of bond strength between the implant and bone 

[68, 684, 687], and accordingly it was identified as the third most important CQA of TNTs 

surfaces for bone implants. This CQA has a very close fuzzy score to the one obtained 

for cell adhesion, meaning that these CQAs have the comparable importance. Following 

in importance as the 4th, 5th, 6th, and 7th rated biological CQA are cell differentiation, 

protein adhesion, cell migration, and cell proliferation, having similar crisp scores ranging 

from 6.46 to 6.78. Cell proliferation and differentiation are vital during the bone healing 

process. Implant surfaces that can stimulate cell proliferation and differentiation may 

present better osteoinductive properties [407]. In the case of protein adhesion, its 

importance lies in the fact that proteins adhered on the implant surface promote cell 

attachment, and facilitate mesenchymal-derived cells to migrate, proliferate, and 

differentiate into bone cells [688]. Moreover, cell migration is vital during the 

osteoconduction process for cell colonization of the implant surface [689]. 

It is noteworthy that the healing process can be disrupted by ingress of pathogenic bacteria 

[690] which requires extensive antibiotic therapy and may lead to complete implant 

failure and revision surgery [54]. For example, more than 50% of infections in joint 

replacements are caused by Staphylococcus aureus, leading to treatment costs that are 

five times higher in comparison to non-infected prosthesis [10]. As a result, one of the 

major challenges in the design of implant surfaces is the control of biofilm formation 

making it the eighth most important biological CQA, and it is notable that bacteria 

adhesion and colonization are also influenced by nano-topography [691]. 

7.8.2.2 Physicoquemical Characteristics   

Material surface physicochemical properties such as surface roughness, topography, 

surface energy, corrosion resistance, are key factors that determine cellular behaviour on 
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implant surfaces [104]. Furthermore, nano-scale modified surfaces can independently 

modulate these properties to enhance biological responses [692]. 

In this study a total of six physicochemical CQAs were identified and prioritized, as 

shown in Table 7.4. According to the completed survey, the participants indicated that 

micro-roughness is the most important physicochemical CQA, with a fuzzy score 

between 6.32 and 8.00 out of 9. Indeed, various clinical studies have suggested that micro-

roughness (the ‘gold standard’) is one of the main factors that stimulates osseointegration 

in both bone and dental implants [693]. For example, osteoblasts attach, spread and 

proliferate faster on smooth and low energy surfaces [694, 695], whereas, those on rough 

and higher energy surfaces display accelerated differentiation, matrix mineralization and 

higher production of growth factors [696]. As a result, most of commercial orthopaedic 

and dental implants have a micro-rough topography [697]. It has been reported that the 

micro-roughness provides a better support for the initial fibrin clot extensions, thereby 

enhancing cell attachment and the strength of the ECM, and ultimately leading to 

enhanced osseointegration [698]. 

Table 7.4 Relative importance rating (crisp and fuzzy) and ranking of 

physicochemical CQA of nano-engineered Ti implant surfaces. 

Physicochemical CQA Crisp score Fuzzy score Ranking of CQA  

Micro roughness 7.32 [6.32, 8.00] 1 

Topography 7.22 [6.22, 7.95] 2 

Corrosion resistance 6.95 [5.95, 7.59] 3 

Nano roughness 6.84 [5.84, 7.59] 4 

Wettability/surface energy 6.73 [5.73, 7.49] 5 

Surface charge 6.03 [5.03, 6.92] 6 

 

The second ranked physicochemical CQA was surface topography, which reflects the 

form, waviness, macro and nano-scale features of its landscape (Fig 7.5). Roughness (Ra) 

is the quantification the average of the measured microscopic peaks and valleys of these 

macro and nano-features. If these deviations are large, the surface is considered rough, 

and if they are small the surface is considered relatively smooth [699, 700]. These features 

can be either random or defined surface patterns that can create isotropic or anisotropic 

topographies [699]. The geometry, depth, spacing, width, pattern direction, and waviness 

of these features can affect tribological and chemical material surface properties such as 

friction, wear, surface energy and roughness [701-704], which eventually will dictate 
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cellular responses and implant performance. Moreover, the direction of surface 

irregularities promotes cell orientation, showing a trend of cell elongation along patterns 

known as the contact guidance phenomenon [699, 705-707]. Additionally, appropriate 

surface topography coupled with surface wettability, could cause a synergistic effect on 

cell response[703, 708]. 

 

Figure 7.5. Thread of an implant demonstrating form, waviness, micro-roughness, 

and nano-roughness (with titania nanotubes). 

The third most important physicochemical CQA is corrosion resistance followed by nano 

roughness, wettability, and surface charge. Once implanted, the implant surface 

undergoes electrochemical reactions with body fluids [709, 710]. It has been proposed 

that corrosion rates depend on the physical and chemical characteristics of the material 

surface such as roughness, surface crystal structure, and nanoporosity, including the 

physico-chemical state of the environment [711]. It is noteworthy that corrosion of 

implants (release of metal ions) can result in implant rejection, toxicity and even 
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carcinogenicity [421]. Additionally, corrosion leads to topological changes creating 

notches and pores that may affect the material’s mechanical properties and reduce its 

fatigue resistance [420, 712]. Therefore, surface modification of Ti implants should not 

only enhance surface biocompatibility, but also improve their corrosion resistance 

without detrimental effects on mechanical properties [651].  

It has been demonstrated by several studies that cell behaviour and attachment are directly 

influenced by nano-topography [705, 713], where cells move and sense their environment 

based on chemical and physical signals [672]. For example, it has been found that the 

smallest height of topographical features that human mesenchymal stem cells (MSCs) 

can sense is 8 nm [714]. While, no cell responses have been found (except red blood cells) 

for grooves greater than 20 µm [715]. Nonetheless, there is not a general trend that can 

describe cell adhesion of different cell types on micro/nanostructures. This means that 

each type of cell have a specific behaviour on micro/nanostructures [713]. 

Protein adhesion is also affected by nano-rough surfaces [716]. Indeed, Gonzales-Garcia 

et al. [717] found that fibronectin adsorption can be increased by 50% with a controlled 

fabrication of nano-topographies. This is possible because nanoscale modified surfaces 

can independently change surface energy, wettability and surface charge to attract low 

surface tension liquids thereby enhancing the cell adhesion [692, 695, 718, 719]. 

Moreover these physicochemical properties are closely interrelated [720]; however, their 

relationships are not always clear [418]. 

Furthermore, surface energy of implants is strongly correlated with cell adhesion and 

proliferation [418]. It is well established that Ti surface affinity for protein adsorption 

depends on its surface energy and charge [674, 710]. Surface energy affects the 

wettability of a surface, thereby playing a crucial role in the initial stage of wound healing 

[416, 417]. Different water contact angles (WCA) yield distinct cellular responses [672]. 

Additionally, wettability is strongly correlated with cell adhesion, proliferation, and 

bacterial adhesion [418]. However, there is an ongoing debate about which are the optimal 

WCAs [721] to enhance proteins adsorption for the most effective cell adhesion and 

proliferation. For example, hydrophilic surfaces enhance cell adhesion [416, 609]. Some 

authors suggested that the ideal WCA to facilitate protein adhesion, cell adhesion and 

proliferation have moderate hydrophilicity [417, 722], with WCA ranging between 40◦ 

to 80◦ [672, 706, 723-726]. Nevertheless, a recent study demonstrated that 

superhydrophilic (WCA of 0◦) and wetted superhydrophobic surfaces (wetted SH, the 
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Wenzel state with WCA between 140◦ to 160◦)  displays a higher degree of cell adhesion 

[727]. These results revealed that surface wetted states strongly influence the cytoskeletal 

organization and focal adhesion of cells, due to the enhanced nanoscale interaction 

between the cell surface and the nanostructured implant surface, resulting in enhanced 

cell adhesion performance [727]. Taken together, the evidence suggests that there are 

three wettability states whereby cell adhesion and proliferation can be enhanced. These 

states are: superhydrophilic (WCA 0◦), moderate hydrophilicity (WCA between 40◦ to 

80◦), and wetted superhydrophobic (WCA between 140◦ to 160◦). 

The surface charge of metallic implants  is also known to be a factor to guide bone cells 

adhesion and early stage bone mineralization [720]. As a result,  strategies to directly 

modify an implant’s surface charge has been gaining attention [720]. Surface charge, also 

known as Zeta potential (ζ-potential), plays a vital role in protein adsorption and initial 

cell adhesion [710, 728]. For example, positively charged biomaterials attract anions that 

repel molecules and proteins, negatively affecting osteoblast adhesion and proliferation 

[729]. However, Ti and Ti alloys have a negatively charged surface that initially attracts 

positively charged protein, thus forming a substrate that subsequently attracts negatively 

charged proteins such as fibrinogen and fibronectin [692, 730], as well as negatively 

charged osteoblasts [731]. Therefore, the electric field strength and the magnitude of the 

negative electric potential on the implant surface are crucial for the improvement of 

protein adsorption and cell adhesion [710, 730]. 

7.8.2.3 Mechanical Stability 

Appropriate mechanical properties of bone/dental implants are critical for their long-term 

functioning in a constant load-bearing application [651]. Consequently, nano-engineered 

surfaces of bone implants must overcome the concerns associated with mechanical 

stability before they can proceed to clinical trials [650]. According to our results it is 

perceived that the bond strength between the implant coating and the substrate is the most 

important mechanical CQA of TNTs modified Ti implants, with a fuzzy score between 

6.89 and 8.33 out of 9 (Table 7.5). Inappropriate interfacial adhesion between Ti 

substrates and the TNTs film can lead to crack propagation and delamination, which may 

eventually lead to implant failure due to nanotoxicity, thereby limiting their clinical 

applications [33, 136, 732-737]. Consequently, the long-term success of coated bone 

implants mainly depends on their coating adhesive and cohesive integrity [738, 739].  



Chapter 7 

208 | P a g e  

 

The second most important mechanical CQA was identified as the fatigue strength. In the 

case of load-bearing implants, fatigue resistance is critical in materials under constant in-

vivo cyclic stress in order to avoid surface delamination and fractures [425, 426, 740]. 

For example, orthopaedic implants can experience up to six times the patient’s weight 

during daily activities, during which the material stresses are just a fraction of the 

material’s ultimate stress fatigue threshold. Nevertheless, in an implant with a life 

expectancy of 10 years (107 cycles), the accumulation of these small stresses can lead to 

coating fatigue failure [741]. Other factors that can affect the fatigue life of a Ti-based 

implants are residual stresses and stress concentrators, caused by the high surface 

roughness of the coating, and by some manufacturing processes [742]. 

In the third and fourth place are wear resistance and compressive strength, both with 

maximum fuzzy scores between 7.33 and 7.22 out of 9 respectively. Coatings with high 

wear resistance help to prevent fretting wear, which is caused at the bone-implant 

interface due to micromotions when an implant is loaded [743]. This is a destructive 

phenomenon that creates wear debris leading to osteolysis and eventually aseptic 

loosening [744, 745]. Therefore, coatings for bone/dental implants should be designed to 

consider the wear resistance at the bone-implant interphase. Bone tissue has evolved to 

mainly support compressive stress, it is 30 percent weaker under tensile stress, and 65 

percent weaker under shear stress [746]. Similarly a biomimetic coating design for load 

bearing applications requires a high compressive strength to prevent fractures and 

improve functional stability [426].  

The fifth, sixth, and seventh ranked mechanical CQA are modulus of elasticity, 

toughness, and hardness, respectively.  Implant surfaces needs a modulus of elasticity 

close to natural healthy bone (3-30 GPa)[20, 747], in order to provide a uniform stress 

distribution [426], and prevent the stress shielding effect, which can cause severe bone 

resorption and promote implant micro-motion [748]. For the design of nano-scale implant 

coatings, toughness must also be considered due to its close relationship with other 

mechanical properties. For example, coating adhesion can be enhanced with a higher 

coating toughness [749], and by reducing the material modulus of elasticity [750]. 

Enhanced toughness reduces the probability of crack initiation and propagation, and 

fatigue life [426, 751-753].  

Interestingly, the most popular choice for bone/dental implants are Ti and its  alloys which 

are considered soft materials (200–350 HV) susceptible to abrasive wear as they cannot 
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be hardened by martensitic transformation as the case with steel [743]. Therefore, 

hardness was found to be the seventh most important mechanical CQA. Hard materials 

provide a better protection to wear [754], and reduce the probability of corrosion [755]. 

However, increased hardness can reduce ductility and toughness [755].  

Table 7.5 Relative importance rating (crisp and fuzzy) and ranking of mechanical 

CQA of nano-engineered Ti implant surfaces. 

Mechanical CQA Crisp score Fuzzy score Ranking  

Bond strength/shear strength 7.89 [6.89, 8.33] 1 

Fatigue strength 7.22 [6.22, 7.94] 2 

Wear resistance 6.44 [5.44, 7.33] 3 

Compressive strength 6.44 [5.44, 7.22] 4 

Modulus of elasticity 6.33 [5.33, 7.17] 5 

Toughness 6.22 [5.22, 7.06] 6 

Hardness 5.33 [4.33, 6.33] 7 

 

7.8.3 QbD Step 2.2: Optimizing the CQA by Varying TNTs Characteristics  

To design and manufacture the next generation of nano-engineered implant surfaces, a 

cost-effective engineering management approach such as QbD is required. Achieving this 

goal requires thorough understanding of the current body of knowledge to appreciate the 

underlying relationships of TNTs characteristics with the CQA of nano-engineered 

surfaces. Moreover, It is known that TNTs characteristics can be altered by controlling 

the different parameters of the electrochemical process [692, 756]. Further, any variation 

of TNTs characteristics can directly affect the CQA (biological, physicochemical, 

mechanical) of the implant surface, and thus implant performance. Taking all of this into 

consideration, the objective of the QbD step 2.2 was to identify the level of influence of 

each TNTs characteristic on the CQA of nano-engineered surfaces. To achieve this 

objective, a section of the online-survey, which was responded by 13 participants, sought 

to capture the degree of influence of TNTs characteristics on each of the 21 CQA. 

Furthermore, eight TNTs characteristics were considered in this study (Fig 7.6); these 

include: pore diameter (internal diameter); inter-nano tube distance; tube length; wall 

thickness; barrier oxide layer; amorphous; anatase; and rutile crystalline structures. 

Moreover, the qualitative rating used in this section of the survey was based on a similar 

five-rating scale presented in section 5.2, but with different qualitative descriptions (Fig 

7.7) [667]. Following this, the survey results were computed into the HoQ relationship 

matrix to identify the most influential TNTs characteristics on each CQA group. The 



Chapter 7 

210 | P a g e  

 

results of the HoQ are crisp and fuzzy final ratings that in order to be comparable, are 

scaled to have maximum rating or upper limit of unity. 

Figure 7.6. The eight TNTs characteristics considered in this study: tube length; 

inter-nano tube distance; wall thickness; interface oxide layer; pore diameter; 

amorphous structure; and anatase and rutile crystal structures.  

Figure 7.7. Qualitative five rating scale to rating for relationship of TNTs 

characteristics and CQA with its corresponding triangular fuzzy numbers. 

7.8.3.1 Optimizing Biological CQA with TNTs 

According to our HoQ results, pore diameter and inter-nanotube distance were considered 

the most influential TNTs characteristics on the biological performance of the modified 

implants (Table 7.6). These two TNT characteristics have a combined 35 percent 

influence on the surface biological performance. This is supported by several studies 

which have reported that TNTs diameter can directly influence protein adhesion, and 

consequently control cellular behaviour and biofilm formation [757, 758].  For example, 

the adsorption of plasma pro¬teins is enhanced by TNTs with pore diameter of 100 nm, 

while TNTs with smaller diameters significantly decreased protein binding [759]. 

Similarly, Yang et al. [760] reported that the amount of collagen type I adsorption is 

improved with 100 nm diameter TNTs. In another study, Oh et al. [761] observed that 
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fibronectin and albumin aggregates are increased in TNTs with 30 and 50 nm diameters. 

Furthermore, different TNTs diameters influence various cell behaviours, such as 

adhesion, proliferation, migration, mineralization and apoptosis in different cells types, 

such as mesenchymal stem cells, endothelial cells, hematopoietic stem cells, fibroblasts, 

macrophages, osteoblasts, and osteoclasts [422, 762]. For example, by controlling 

macrophage cell response it is possible to enhance the healing process, by promoting a 

reparative rather than a chronic inflammatory response [139] at bone/dental implants. 

Furthermore, it has been shown that cell adhesion, migration and proliferation are higher 

with TNTs between 15nm and 30 nm diameter [763-766], whereas cell apoptosis (cell 

death) is induced with TNTs diameters between 50nm to 100nm [129, 763, 766, 767].  

However, contradictory results have been reported by other studies [140, 761, 768, 769] 

demonstrating that TNTs with diameters between 80nm to 470nm increase cell adhesion, 

migration and cell proliferation without inducing apoptosis. The divergent results of all 

various studies suggests that there is not a complete understanding of this phenomenon 

[33, 770], possibly caused by the used of different call lines and distinct methods 

employed to assess cellular activities [766].  This implies that the existence of a threshold 

point of nanotube diameter for maximum biological performance may depend on a 

delicate balance of TNTs characteristics and adjacent tissue condition (specific to each 

patient). The beneficial effect of TNT diameter in decreasing biofilm formation has also 

been reported by several studies [130, 771, 772]. For example, it has been reported that 

the density of Staphylococcus aureus and Staphylococcus epidermidis on implant surface 

can be decreased by changing TNT diameter [130, 260, 768, 773, 774]. Moreover, Peng 

et al.[768]  and Kumeria et al. [775] demonstrated that is possible to decrease bacteria 

adhesion on TNTs surfaces, while simultaneously increasing cell adhesion.  

The third and fourth ranked influencing characteristics were anatase and rutile crystal 

structures with a contribution of 12.21, and 11.70 percent respectively, to the biological 

CQA of TNTs-Ti implants. The material structure of TiO2 can influence cell behaviour. 

Indeed, TNTs biocompatibility can be significantly improved when their structure is 

changed from amorphous to anatase, and to a mixture of anatase and rutile [127, 692, 721, 

776]. For example, it was reported that using anatase TNTs, osteoblast adhesion speed 

and growth was increased by approximately 370% and 140% compared to untreated Ti 

and amorphous TNTs, respectively [777]. Moreover, it has also been reported that 

amorphous TNTs are not as effective in reducing bacterial adhesion compared to anatase 
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TNTs [130]. It is believed that the presence of lower levels of residual fluorine in anatase 

TNTs could be the reason for their superior effects on cell adhesion [134]. The remaining 

four influencing TNTs characteristics (i.e. wall thickness, amorphous structure, barrier 

oxide layer and tube length) were considered to have a combined effect of almost 41 % 

on the biological CQA. 

Table 7.6 Final ranking of TNTs characteristics and relative importance (RI) to 

the biological CQAs. 

TNTs characteristics Scaled rating Relative importance RI % Ranking 

Pore diameter [0.62, 1.00] 18.08 1 

Inter-nanotube distance [0.58, 0.97] 17.05 2 

Anatase crystal structure [0.41, 0.74] 12.21 3 

Rutile crystal structure [0.39, 0.72] 11.70 4 

Wall thickness [0.37, 0.71] 11.50 5 

Amorphous structure [0.35, 0.65] 10.51 6 

Barrier oxide layer [0.33, 0.64] 10.06 7 

Tube length [0.29, 0.59] 8.90 8 

 

7.8.3.2 Optimizing Physicochemical CQA with TNTs 

Based on our survey evaluation, pore diameter, inter-nanotube distance, and wall 

thickness are the three most influential TNT characteristics over the most desired 

physicochemical CQA of TNTs-Ti implants, contributing 17.58, 16.93, and 12.8 percent 

respectively (Table 7.7). It is known that Ti surface affinity for protein adsorption largely 

depends on its wettability and surface charge [674, 710], whereby different water contact 

angles (WCA) induce distinct cellular responses [672].  It has been reported that when 

TNTs pore diameter and Inter-nanotube distance are increased, surface wettability is 

improved by achieving a superhydrophilic behaviour [719, 740, 778]. For example, 

Anitha et al.Anitha, Lee [771] obtained similar results varying TNTs diameter and 

maintaining a constant surface roughness. According to the Wenzel model the wettability 

of a surface depends on the topographical interstitial spaces that draw the liquid into it, 

making the surface more wettable [779]. Therefore, TNTs with larger diameters have 

more capillary force and space for liquid penetration [778, 780] (Fig 7.8), thus increasing 

interaction energies with proteins such as collagen type I [760]. On the other hand, when 

TNTs wall thickness is increased this affects the average porosity of the film creating a 

nonwetted Cassie-Baxter state making the surface superhydrophobic [719, 727] (Fig 7.8). 
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Moreover, according to Kulkarni et al. [759] the ζ-potential of TNTs does not have 

significant changes when varying TNTs diameters. 

In fourth and fifth place with a maximum combined effect of approximately 23 % in the 

overall physicochemical CQA are barrier oxide layer and tube length, respectively, as 

shown in Table 7.7. It has been shown that when a Ti surface is coated with TNTs, the Ti 

substrate is protected against corrosion by the TNTs themselves[781, 782] and by the 

barrier oxide layer located underneath the TNTs [783, 784]. Longer TNTs provide a 

thicker barrier that improves material corrosion resistance [785, 786]. Moreover, the 

corrosion resistance of the barrier oxide layer mainly depends on its chemical 

composition and thickness, which is approximately equal to the pore radius [756, 781]. 

For example, a thicker barrier oxide layer with low levels of oxygen vacancies provides 

a lower rate of titanium release and improved long-term stability in biological 

environments [787]. Nonetheless, a large diameter and inter- nanotube distance provides 

more channels for body fluids to penetrate and corrode the material [781]. Therefore, for 

optimal corrosion protection it is imperative to achieve an adequate balance among TNTs’ 

length, diameter, inter- nanotube distance, and barrier oxide layer. 

Table 7.7 Final ranking of TNTs characteristics and relative importance (RI) to 

the physicochemical CQAs. 

TNTs characteristics Scaled rating Relative importance RI % Ranking 

Pore diameter [0.62, 1.00] 17.58 1 

Inter-nanotube distance [0.59, 0.97] 16.93 2 

Wall thickness [0.42, 0.79] 12.80 3 

Barrier oxide layer [0.39, 0.73] 11.60 4 

Tube length [0.36, 0.70] 10.94 5 

Amorphous structure [0.34, 0.67] 10.34 6 

Anatase crystal structure [0.33, 0.66] 9.98 7 

Rutile crystal structure [0.32, 0.65] 9.83 8 

 

The final three ranked characteristic are related to TNTs material structure, namely, 

amorphous, anatase, and rutile with RI contributions of 10.34, 9.98, and 9.83 percent to 

the overall surface physicochemical performance (Table 7.7). Changes in TNTs material 

structure also effect its corrosion resistance. In several studies it has been shown that the 

corrosion resistance of TNTs is improved progressively when their structure is changed 

from amorphous to anatase and rutile (amorphous < anatase < rutile) [785, 788]. For 

example, anatase TNTs are more stable in Hank’s solution than amorphous TNTs and 
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smooth Ti surfaces [789]. This is because crystalline TNTs have higher stability, and 

thicker interface layer than amorphous TNTs leading to an increase in corrosion 

resistance [776, 788, 790]. Nonetheless, a mix of anatase and rutile crystal structures 

provides higher corrosion resistance than plain anatase structure [776, 785]. Mazare et al. 

[791] reported a linear trendline between an increase in rutile content and an improvement 

in corrosion resistance. The explanation for this is that a rutile crystalline structure has a 

more compact structural configuration and less electrical conductivity, thus enhancing 

surface corrosion protection [785]. Moreover, there is a general agreement between 

different studies that the water contact angle in TNTs decreases when their material 

structure changes from amorphous to anatase and rutile [792-794]. The most significant 

effects in wettability improvement were seen in TNTs with anatase structure and only 

small changes were obtained in rutile TNTs [719]. The results of these studies in related 

to TNTs material structure suggest that the higher rating of the amorphous structure 

obtained in this study could signify that TNTs amorphous structure has a negative 

contribution to the physicochemical performance of Ti surfaces.  

Another way to drastically modify surface wettability is by changing TNTs roughness 

through their material structure, tube length, and pore diameter. For example, TNTs with 

larger diameters can drastically increase surface energy providing  a 11% to 23% [3] 

increase in surface area [740]. Wang et al.Wang, Wen [795] demonstrated that disordered 

TNTs have higher surface energy and lower WCA than highly ordered TNTs. The reason 

for this is that disordered TNTs layers have more sharp edges and spikes that increase 

surface roughness. Nonetheless, results of different studies with TNTs have demonstrated 

that the combined effect of micro and nano roughness provide an outstanding synergistic 

effect on cell adhesion, and enhanced osseointegration by providing a more suitable 

surface topography that mimics natural bone micro- and nano-scale topographical 

features [19, 698, 796, 797]. For example, as previously discussed, dual micro-/nano-

topography can augment osteoblast and fibroblast activity, while simultaneously reducing 

the proliferation of macrophages. Therefore, as Gulati et al.[798] demonstrated in their 

latest attempt at generating dual micro-nano surfaces, via the use of EA alone, that it is 

crucial to preserve underlying the micro-roughness already present in commercial dental 

implants. On the other hand, in other studies micro-roughness values (Ra) of 1,537 to 

2,566 nm have been obtained by modifying TNTs crystal structure [793], while nano-

roughness values, ranging from 15 nm to 64 nm, have been achieved through the 

modification of TNTs tubes length and pore diameter [747, 799, 800]. 
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7.8.3.3 Optimizing Mechanical CQA with TNTs    

One of the major challenges for clinical translation of TNTs for implantation purposes is 

their poor mechanical properties [136].  Therefore, to improve TNTs mechanical 

properties it is important to first understand their main failure mechanisms. Based on our 

survey results, all eight TNTs characteristics were considered to have a similar 

contribution to the mechanical CQA, ranging from 11.22% to 13.27% (Table 7.8).  

Table 7.8 Final ranking of TNTs characteristics and relative importance (RI) to 

the mechanical CQAs. 

TNTs characteristics Scaled rating Relative importance RI % Ranking 

Pore diameter [0.57, 1.00] 13.27 1 

Wall thickness [0.56, 0.96] 12.91 2 

Amorphous structure [0.57, 0.96] 12.89 3 

Tube length [0.55, 0.96] 12.78 4 

Barrier oxide layer [0.52, 0.94] 12.34 5 

Anatase crystal structure [0.54, 0.92] 12.30 6 

Rutile crystal structure [0.54, 0.92] 12.30 6 

Inter-nanotube distance [0.47, 0.87] 11.22 7 

Nevertheless, from a structural point of view, it was noted that the first four ranked TNTs 

characteristics correspond to the factors (i.e. geometry and Young’s modulus) that define 

the structural integrity of columns. According to Hooke’s law, the maximum compressive 

stress (σy) of a material is linearly proportional to its Young’s modulus (E) and strain (ε) 

(Equation 1) [136]. This means that putting aside TNTs’ geometry, their different material 

structures are the ones that dictate TNTs maximum compressive stress (σy).  In the case 

of titania its different material structures have different Young’s moduli [801]. Therefore, 

the different material structures of TNTs impart different mechanical properties. For 

example, amorphous TNTs present higher hardness and Young’s modulus values than 

TNTs with a crystalline anatase structure [802, 803]. Additionally, a closely packed rutile 

structure has higher hardness and Young’s modulus values, and a reduced friction 

coefficient value [790, 802, 804]. However, according to survey’s participants opinion, 

changes in TNTs material structure does not significantly affect TNTs mechanical 

performance. This is shown in Table 7.8, where TNTs amorphous structure was rated 

with a similar Ri (12.89%) than anatase and rutile crystal structures, both accounting for 

12.30% respectively.  
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On the other hand, when TNTs geometry is considered, TNTs they may behave as 

columns.  Therefore, under the influence of an axial compressive force, such as in load 

bearing implants, TNTs may collapse through two different mechanisms of failure, 

namely pure compressive stress, and buckling [805], as shown in Fig 7.9. Failure by pure 

compressive stress requires that the axial load applied overcomes the material 

compressive strength, resulting in brittle fracture of TNTs [805]. On the other hand, in 

the case of assuming that TNTs behave as long columns, elasticity and not the 

compressive strength of the materials of the column determines the critical load necessary 

to cause the column to fail by buckling [136, 805, 806]. This may occur even though the 

stresses that are developed in the structure are below those needed to cause failure of the 

material [136]. Therefore, when considering TNTs as hollow columns, their critical load 

and critical stress for buckling depends mainly on their length (L), external diameter (d2), 

and pore diameter (d1), as shown in equations 2 and 3 [136]. These equations provide 

theoretical support for our results, whereby pore diameter, wall thickness, and tube length 

were ranked as the first, second, and fourth most influential characteristics of TNTs 

mechanical properties, with RIs of 13.27, 12.91, and 12.78 percent respectively. 

(1) σ𝑦 =  ε𝐸 

 

(2) 𝑃𝑐𝑟 =  
𝜋𝐸𝐼𝑥

2𝐿
 →

𝜋3𝐸(𝑑2−𝑑1)4

256𝐿
 

 

(3) σ𝑐𝑟 =  
2𝜋𝐸

2𝐿(𝑑2−𝑑1)2           σ𝑐𝑟 <  σ𝑦 

 

In summary, characteristics such as pore diameter, wall thickness, material structure, and 

tube length determine the TNTs’ strength under compression [806, 807]. Furthermore, 

according to the results of other studies, these geometrical characteristics may affect other 

TNTs mechanical properties. For example, thicker walls in TNTs arrays substantially 

improves hardness [803]; Longer TNTs arrays have lower apparent Young’s modulus and 

hardness, due to their densification and collapse when they are under an external force 

[651, 744, 808]. Increments in porosity of the TNTs layer drastically reduces TNTs 

apparent modulus of elasticity [722, 802, 808]; and TNTs scratch resistance and film 

adhesion strength are enhanced by increasing the thickness of the TNTs layer, making the 

film more difficult to be penetrated [733, 744]. 
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Figure 7.8. Scheme showing possible failure mechanisms of TNTs under load-

bearing application: a) failure by pure compressive stress on short length TNTs, 

and b) failure by buckling on longer TNTs. 

Moreover, the formation of TNTs during the fabrication process creates residual 

compressive stresses on the surface. These residual stresses are further increased during 

annealing when amorphous structure change into crystalline state.  These residual stresses 

provide a mechanical protection to the implant surface and improve other mechanical 

properties, such as fatigue resistance, fracture toughness, interfacial shear strength, 

critical debonding stress, critical crack stress, and critical buckling stress [809-811]. On 

the other hand, the rutile structure negatively affects the fatigue performance of TNTs 

films [812]. This negative effect on fatigue resistance is not present in Ti-6Al-7Nb and 

Ti-6Al-4V, whereby the elastic behaviour of TNTs in these alloys is attributed to the 

compact barrier oxide layer present at the bottom of TNTs [712]. TNTs poor interfacial 

adhesion is also attributed to the ultra-thin fluoride-rich layer at the interface that is 

developed during the EA process [651, 735, 813]. These observations correspond to our 

study in which in which the barrier oxide layer (12.34%) was perceived to be the fifth 
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most influential characteristic on TNTs mechanical properties. Consequently, several 

studies have focused on developing a second anodization process in a fluoride-free 

electrolyte to remove the residual fluoride ions in the oxide barrier layer and to also 

slightly increase its thickness [735, 813, 814]. Moreover, as Gulati et al. [737] previously 

reported, cracks in TNTs on curved surfaces can be controlled by changing the thickness 

of the oxide barrier layer, which is directly related to TNTs wall thickness. Therefore, a 

thicker oxide barrier layer can improve the adhesion strength between TNTs and the 

underlying substrate [651]. Nevertheless, to achieve improvement in adhesion strength of 

TNTs, fabrication strategies should be designed in order to have a set of mechanical 

properties compatible with the base metal [815]. As reported by Gulati et al. [798] and Li 

et al. [739], they have shown that the 1-step EA fabrication of aligned TiO2 nanopores 

(with preserved underlying micro-features) on micro-machined Ti implants (including 

commercial dental implants), with exceptional mechanical properties, as compared to 

conventional and mechanically-enhanced nanotubes. Gulati et al. [762] also found that 

these nanopores mechanically stimulate osteoblasts and fibroblasts, which were found to 

align parallel to the direction of the nanopores. Interestingly, such mechanically-superior 

structures have not been adequately explored towards implant applications. 

7.8.4 QbD Step 2.3: Influence of TNTs Characteristics on the Combined 

Performance of CQAs 

In the previous QbD step (2.2) we qualitatively identified the TNTs characteristics that 

contribute to the overall surface performance of each CQAs group: biological, 

physicochemical, and mechanical. Nonetheless, an optimal nano-engineered surface 

should provide an adequate balance of biological, physiochemical, and mechanical 

properties to best satisfy customer requirements, which in this case were the participants 

of this study. For this purpose, we created a HoQ matrix containing all of the biological, 

physicochemical, and mechanical CQAs combined. Hence, the resulting HoQ allowed 

for identification of TNTs characteristics that most contribute to the combined overall 

performance of all CQAs, as represented in Fig 7.10.   

According to Table 7.9, the three most representative TNTs characteristics for implants 

applications are pore diameter, inter-nanotube distance, and wall thickness. Based on 

expert opinion and our modelling, these characteristics together contributes to 

approximately 44% to the overall surface implant performance. From the results 

presented in section 5.3, it can be seen that pore diameter is the most influential 
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characteristic for the three CQAs groups. Clearly, pore size dictates protein adhesion and 

hence cell attachment, and can also influence water contact angle. Inter-nanotube distance 

was ranked second for the biological and physicochemical CQAs, while it was the lowest 

ranked for the mechanical CQAs.  Following in ranking with a very similar RI rating 

ranging from 11.33% to 11.64%, were anatase crystal structure, rutile crystal structure, 

and amorphous structure. A similar situation can be seen with the barrier oxide layer, 

which was ranked in eighth place, having the same fuzzy scaled rating (0.41, 0.76) as the 

amorphous structure. The lowest ranked TNTs characteristic was tube length with a RI 

and fuzzy scaled ratings of 10.85% and [0.39, 0.74], respectively.  These findings indicate 

that the geometrical characteristics of TNTs are considered to have the most influential 

effects on the preferred CQAs configuration provided by the experts.  

 

Figure 7.9. Graphic representation of the combined effect of TNTs characteristics 

on the biological, physicochemical, and mechanical CQA groups obtained from the 

HoQ. 
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Table 7.9. Final ranking of TNTs characteristics in relation to all CQAs groups. 

TNTs characteristics Scaled rating RI % Ranking 

Pore diameter [0.60, 1.00] 16.20 1 

Inter-nanotube distance [0.55, 0.94] 14.90 2 

Wall thickness [0.45, 0.81] 12.36 3 

Anatase crystal structure [0.42, 0.77] 11.64 4 

Rutile crystal structure [0.41, 0.77] 11.42 5 

Amorphous structure [0.41, 0.75] 11.33 7 

Barrier oxide layer [0.41, 0.76] 11.30 8 

Tube length [0.39, 0.74] 10.85 9 

7.9 Conclusions 

TiO2 nanotubes (TNTs) modified titanium implants have favourable characteristics 

which make them an attractive customizable bioactive and therapeutic bone/dental 

implant modification. However, to bridge the gap between research and the implant 

industry it is imperative to implement product development strategies capable of avoiding 

the “valley of death”. Moreover, the complex nano-scale biological interactions, 

discrepancies among nanotube studies and research gaps with respect to mechanical 

stability, raise additional concerns for clinical translation and commercialization. Further 

complicating the situation is the fact that the multiple characteristics of nanotubes are 

interlinked, and the influence of individual parameter may be cumbersome to predict. 

Hence, the present study semi-qualitatively estimated, with a simple but robust approach, 

the level of importance of the Critical Quality Attributes (CQAs) of TNTs modified 

titanium implants, including the most optimal configuration of CQAs that satisfied the 

participants’ expert opinion. Furthermore, through the use of the House of Quality (HoQ) 

it was possible to qualitatively rate the level of perceived contribution of each titania 

nanotubes characteristic to the overall implant performance from three different 

perspectives; biological, physicochemical, and mechanical. This in turn allowed us to 

arrive at the titania nanotubes characteristics that need more attention and control during 

the design and fabrication process of electrochemically anodized (EA) TNTs for implant 

applications. 
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Overall, it can be concluded that the Quality by Design (QbD) system in conjunction with 

tools such as the HoQ with a fuzzy approach can translate customers’ requirements and 

expert’s knowledge in a more meaningful manner. Subsequently, the main purpose of this 

application of the QbD system is to better direct the design of nano-engineered implant 

surfaces with TNTs in a targeted fashion, thus reducing the need for costly and time-

consuming trial-and-error studies. Future work will focus on a systematic testing of TNTs 

characteristics to corroborate the result obtained in this study by quantitatively identify 

the percentage contribution of each titania nanotubes characteristic to the overall implant 

performance. Nevertheless, for TNTs modified titanium implants to be able to reach the 

implant market, further studies are necessary to continue the implementation of the QbD 

system, including the identification of the current state of TNTs properties in relation to 

medical regulatory standards and the commercially available implant surfaces. 
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CHAPTER 8 

CONCLUSION 

8.1 Chapter Overview 

This final chapter presents a summary of the key research findings, contributions, and 

limitations of this PhD study. Moreover, it explains how the aims and objectives of this 

thesis were achieved. This chapter also describes several areas outside the scope of this 

study, which have been left for future research. Section 8.2 reiterates the main objectives 

of this PhD study, followed by a summary of the research findings. Section 8.3 describes 

the contributions of this study to the existing body of knowledge in patient-specific bone 

implants produced by AM, the methodological contribution to the field of biomedical 

product development, and the practical implications for the biomedical industry and 

practitioners. Section 8.4 discusses the limitations of this study and offers direction for 

future research. Finally, Section 8.5 closes this concluding chapter, ending the whole PhD 

thesis.    

8.2 Research Objectives and Outcomes 

The overarching goal of this study was to develop an adaptation of the QbD system for 

patient-specific bone implants and scaffolds produced by AM to facilitate the 

development of the next generation of bone implants. This goal was accomplished by 

integrating various innovative technologies, avoiding trial-and-error studies, accelerating 

research timelines, and reducing product development risks and costs in the early stages 

of the product development cycle. 

To achieve this overarching goal, a series of logical research objectives and associated 

tasks needed to be crafted. The three main objectives of the PhD research were as follows: 

• to conduct an exploratory study to understand bone biology concepts, current AM

technologies, and materials for patient-specific implants, including the main
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quality management systems used in the medical industry as well as the main 

applications and benefits of the QbD system; 

• to develop a general framework of the QbD system for patient-specific bone

implants and scaffolds produced by AM; and

• to develop an in-depth adaptation of the QbD system for TNTs/Ti surfaces for

bone and dental implants.

To achieve the objectives of this research, several rigorous research activities were 

performed in a systematic manner compromising five different phases. These activities, 

along with their associated outcomes, are summarised below. 

8.2.1 Establishing a Theoretical Framework 

The first phase of this research was designed to establish a repository of knowledge on 

the research topic; pertinent literature was critically reviewed, as presented in Chapter 2. 

The study particularly focused on reviewing the literature pertinent to the fundamentals 

of bone biology, AM technologies currently used in the biomedical field, and materials 

for patient-specific implants, including the main applications and benefits of different 

quality management systems. The literature review was completed using academic 

journals and books, including medical industry regulations and standards to identify the 

current gaps and develop the underpinning theoretical concepts for this research. 

8.2.2 The General Framework of the QbD System for Patient-Specific Bone 

Implants and Scaffolds Produced by AM 

Following the literature review presented in Chapter 2, an exploratory study was 

conducted to tailor a general adaptation of the QbD system to patient-specific bone 

implants and scaffolds produced by AM. This exploratory study compromised the second, 

third, and fourth phases of the research. 

The second phase of this exploratory study was aimed at establishing and validating the 

first steps (1–5.3) of the QbD system. This second phase compromised two systematic 

literature reviews and face-to-face interviews. The whole exploratory study and the 

foundation of the QbD for patient-specific bone implants and scaffolds are presented in 

Chapter 4. Overall, the establishment of the first steps of the general adaptation of the 

QbD system was achieved through the identification of 39 CQAs of patient-specific bone 

implants and scaffolds. The identified CQAs were categorised into five main categories: 
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dimensional, mechanical, biological, physicochemical, and functional. Moreover, a 

comprehensive design and fabrication process flow diagram was developed in 

conjunction with the identification and categorisation of 86 risks and 178 potential effects 

on product quality associated with the design and fabrication processes of such products. 

In addition, for the first time a 4D implant design approach was proposed for the 

development of the next generation of bone implants. This approach recommends that the 

design and performance of custom 3D-printed bone implants should be performed and 

validated concurrently not just with mechanical and in vivo testing but also with patient-

specific computational neuromusculoskeletal (NMS) predictions and multiscale finite 

element analysis (MFEA) to accelerate their development and fabrication processes and 

to simultaneously improve their reliability before they are subject to clinical evaluation 

and fabrication. 

It was concluded that the implementation of the QbD system provides a strong framework 

for guiding research and practice to ensure error-free patient-specific bone implants for 

consumers. Moreover, the developed steps of the QbD system for patient-specific bone 

implants and scaffolds produced by AM enable future studies to formulate adequate 

strategies and contingency plans to control the quality of such products. This study 

highlighted that collaborative efforts with the medical device industry and universities 

are needed to continue the development of the QbD system for patient-specific bone 

implants and scaffolds. 

The third phase of this study is presented in Chapter 5. This chapter focused on the 

development of steps 5.4–5.7 of the QbD system for patient-specific bone implants, 

which consisted of the investigation and identification of the most critical risks and 

sensitive process areas regarding product quality for the initial stages of the development 

process. For this purpose, a FMECA coupled with a 3D risk assessment approach was 

developed. This integrated approach was based on a questionnaire performed using the 

Delphi method with three industry firms and three university research groups. The 

research outcomes include a FMECA form containing 137 FMs with their corresponding 

RPN score. Next, the corresponding preventive and corrective strategies for risk 

mitigation were proposed. A 3D novel risk priority matrix was constructed emphasising 

detection difficultly due to the uniqueness of each patient-specific implant, thus 

facilitating the visualisation of critical risks. The novel risk evaluation procedure 

identified 13 critical FMs within 6 critical risk groups, from which AM materials, AM 
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machine general, fabrication, EBM machine, finishing, and design being the most 

sensitive process areas in terms of product quality. 

From this phase of the research, it can be concluded that the novel risk identification 

procedure developed herein can be used as a guide for other companies seeking to create 

high-quality AM patient-specific Ti implants. Moreover, the developed 3D risk priority 

matrix is a robust and simple tool that can be easily used in any industry setting. This 

matrix provides an accurate graphic representation of the three different factors used for 

risks rating, thus facilitating the presentation of the risk assessment analysis to different 

stakeholders. Furthermore, the results obtained in the development of steps 5.4–5.7 of the 

QbD system provided the necessary basis for the following research phase to focus on the 

strategic planning of quality assurance and control methods for the design and fabrication 

of additively manufactured patient-specific bone implants and scaffolds. 

The fourth phase of this research ended the general adaptation of the QbD system to 

patient-specific bone implants and scaffolds produced by AM within the research scope, 

as presented in Chapter 6. This phase of the study aimed towards the development of steps 

7 and 8 of the QbD system. The study consisted of investigating the quality control 

methods, technologies, and strategies used in three industry firms dedicated to the 

manufacturing of bone implants with AM. For this purpose, a questionnaire was 

facilitated through face-to-face interviews along with visits to the companies’ 

manufacturing premises. The study resulted in the development of an integrated quality 

control procedure consisting of 18 distinct gates along with a practitioner companion 

guide based on the best identified industry practices and reported literature, such as the 

FDA guideline for AM medical devices’ ASTM standards. This integrated quality control 

procedure for patient-specific implants was developed to prepare the AM industry for the 

inevitable future tightening related to medical regulations. Moreover, this study revealed 

some critical success factors for companies developing additively manufactured patient-

specific implants, including ongoing research and development (R&D) investment, 

investment in advanced technologies for controlling quality, and fostering a quality 

improvement organisational culture.  

Overall, it was concluded that the developed integrated quality control gates represented 

a starting point to further improve quality control strategies in the sector of patient-

specific implants and to help this industry with future changes in medical device 

regulations. The implementation of the developed quality control procedure outlined 
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herein should reduce the propagation of quality issues through the product development 

cycle and production chain, minimising the risk of product recalls and ultimately leading 

to heightened levels of confidence about AM patient-specific implants.  

It was also found that Meeting current regulations and standards is not enough to register 

and market high quality patient-specific medical devices. Knowing that the future 

changes in the medical device regulations will make more stringent the requirements to 

register and commercialize patient-specific implants, it is vital that companies in this 

sector are better prepared. It is already known that regulatory changes will force 

manufacturers and designers of patient-specific medical devices to provide sufficient 

clinical data and clinical evaluation before the registration of a device in order 

demonstrate its clinical performance and benefits. However, following traditional design 

approaches and trial-and-error studies, it is not feasible to clinically test every patient-

specific implant that is produced due to the large number of clinical trials and costs 

involved during this process. Moreover, it is not possible to fully demonstrate the benefits 

of patient-specific implants if current design approaches do not account for patient 

specific joint contact forces produced during real-life activities. Therefore, to adequately 

address these challenges, we propose that the combination of the QbD system with a 4D 

implant design approach, in conjunction with the 18 integrated quality control gates 

formulated in this study would likely result in more positive outcomes. 

Furthermore, it is also necessary to have reliable manufacturing processes capable of 

producing products within specification limits, otherwise, there will be defective products 

that would eventually increase costs, prices, and customer dissatisfaction. However, due 

to the infancy of the AM industry for patient-specific medical products, there is presently 

a low level of maturity with respect to quality control technologies, comprehensive 

standards, and a tailored quality management system. From the results of this study, it 

can be concluded that more has to be done to improve AM machines to achieve Six Sigma 

production levels.  

For this purpose, further developments are necessary to produce faster and more accurate 

AM machines coupled with smarter and more advanced real-time quality control 

technologies. Therefore, the journey for AM to achieve a Six Sigma level process has not 

yet been well defined and may take some time to be realised. It is important to remember 

that the success of world-class companies relies not only on their products but also on the 
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use of advanced quality management systems, decades of experience, and a strong 

collaboration with other industries towards standardisation.  

8.2.3 The In-Depth Adaptation of the QbD System for TNTs/Ti Surfaces for Bone 

and Dental Implants 

The last phase of this research is presented in Chapter 7. This phase focused on the 

development of an in-depth adaptation of steps 1 and 2 of the QbD system for TNTs/Ti 

surfaces for bone and dental implants. After considering the results of the study presented 

in Chapter 4, an extensive systematic literature review and subsequent web-based 

questionnaire expert survey were completed to identify the various TNT characteristics 

as well as their fuzzy level of contribution to an implant’s biological, physicochemical, 

and mechanical performance under the QbD system with a fuzzy approach. To achieve 

this goal, the quality function deployment (QFD) method was employed using 

symmetrical triangular fuzzy numbers (STFNs) to translate the qualitative expert opinion 

into meaningful quantitative information. The results indicated that pore diameter, inter-

nanotube distance, and wall thickness are the most influential TNT characteristics to the 

overall implant surface performance. This in turn revealed the TNT characteristics that 

require more attention and control during the design and fabrication process of TNTs via 

EA for implant applications. 

It was concluded that the QbD system in conjunction with tools such as the HoQ with a 

fuzzy approach can translate customers’ requirements and experts’ knowledge into a 

meaningful form. Subsequently, it was demonstrated that the QbD can better direct the 

design of nano-engineered implant surfaces with TNTs to a clear goal by eliminating the 

need for costly and time-consuming trial-and-error studies. Nevertheless, for TNTs/Ti 

implants to reach the implant market, further studies are necessary to continue the 

implementation of the QbD system, including the identification of the current state of 

TNT properties compared with medical standards and the available commercial implant 

surfaces. 

8.3 Study Contributions 

AM is a paradigm shift for the medical device industry, innovatively changing the way 

products are designed and manufactured, especially for the development of customised 

bone prostheses and scaffolds in which a custom fit design can extend the product’s life 
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and fulfil each customer’s needs. However, this new technology in the medical market is 

limited by the lack of standards and quality assurance, leading to a lack of confidence by 

practitioners and consumers. In addition, these issues in conjunction with trial-and-error 

studies lead innovative products to die prematurely in the ‘valley of death’, due to high 

development costs that prevent new developments from reaching pre-clinical and clinical 

studies to demonstrate product safety and obtain regulatory approval. This research study 

was conducted with the aim of developing a QbD system to assist the early design stages 

of the next generation of patient-specific bone implants and scaffolds produced by AM. 

The resulting PhD research study provides original theoretical and practical contributions 

to quality management and product development within the biomedical context.  

8.3.1 Theoretical Contributions  

Previous studies in the field of nano engineered surfaces such as TNTs produced via EA 

have made great contributions through experimental means to the understanding of the 

different relationships between surface properties and cellular behaviour. However, the 

relationships between the different TNT characteristics with implant performance have 

not been examined with qualitative methods. For this reason, this PhD research 

systematically adapted the first two steps of the QbD system for nano-engineered surfaces 

with TNTs for orthopaedic and dental applications. The adaptation of the first two steps 

of the QbD system for nano-engineered surfaces with TNTs for orthopaedic and dental 

applications allowed the semi-qualitative estimation of the level of importance of the 

CQAs of TNTs/Ti implants, including the optimal configuration of the CQAs that 

satisfied the participants’ expert opinions. Moreover, it was possible to qualitatively find 

the level of contribution of each TNT’s characteristic to the overall implant performance 

from three different perspectives: biological, physicochemical, and mechanical. 

Subsequently, it was demonstrated that the QbD can better direct the design of nano-

engineered implant surfaces with TNTs to a clear goal by eliminating the need for costly 

and time-consuming trial-and-error studies. 

In addition, a 4D implant design approach was proposed for the development of the next 

generation of patient-specific bone implants to address clinical problems that manifest at 

different hierarchical levels, such as at the whole-organ, meso, micro and cellular levels. 

This approach proposes that the design and performance of bone implants should be 

carried out and validated concurrently not just with mechanical and in vivo testing but 

also with patient-specific computational NMS predictions and MFEA to accelerate their 
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development and fabrication processes and to simultaneously improve their reliability 

before they are subject to clinical evaluation and fabrication. 

8.3.2 Methodological Contributions  

This PhD study employed a developed 3D risk assessment approach coupled with a 

FMECA to identify the most critical risks associated with the design and fabrication of 

the patient-specific bone implants and scaffolds produced by AM. The 3D risk assessment 

approach consisted of a 3D risk priority matrix designed to increase the visualisation of 

critical risks, emphasising risk detection difficulty. This new 3D risk matrix proved to be 

a robust and simple tool that can be easily used in any industry setting, providing an 

accurate graphic representation of the three different factors commonly used for risks 

rating and facilitating the presentation of risk assessment analysis to different 

stakeholders. 

8.3.3 Practical Contributions  

Past research in the field of tissue engineering has provided much knowledge concerning 

the requirements and factors that need to be considered to design the appropriate medical 

solutions to replace or repair bone tissue. However, the different requirements, their 

attributes, and their relationships, including the different risks related to the design and 

fabrication of patient-specific bone implants produced by AM, have not been addressed 

together in a systematic manner under a quality management system. The concept of the 

QbD system, created by Joseph Juran, has been proven in a wide range of industry fields 

and more recently in the pharmaceutical sector. Nevertheless, this system has not been 

previously applied to the development of the patient-specific bone implants and scaffolds 

produced by AM.  

 

To fill the above research gaps, this study developed an adaptation of the QbD system by 

extending the QbD system into the emerging field of patient-specific bone implants and 

scaffolds produced by AM. This QbD adaptation was then further extended to the 

development of nano-engineered surfaces with TNTs produced by EA. The developed 

QbD system demonstrates a high degree of scientific rigour and may be considered an 

efficient product development and quality management procedure for building quality 

into highly complex and innovative medical devices. The results of this study provided a 

foundation for future studies to implement the QbD system to assist and guide the early 
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planning of the design and fabrication phases of any patient-specific bone implant in order 

to optimise research activities and resources while controlling risks, improving quality, 

and reducing costs. As a result, the developed QbD system is valuable to this industry, 

new ventures, and research groups.  

8.4 Research Limitations and Future Research Directions  

Despite following exhaustive research methodologies and rigorous analysis procedures, 

the findings reported here should be interpreted considering some limitations associated 

with the study. These limitations, along with the recommendations for future research 

directions, are presented as follows: 

• The information available for this study was limited by the relatively recent 

repository of data available in peer-reviewed journals compiled for the systematic 

search process, by the small sample size of studied companies, and by the 

challenge of obtaining opinions from the small community of experts and 

industries working in this emerging field. Moreover, due to the semi-qualitative 

nature of this study, it was not possible to implement the sixth step of the QbD 

system, which requires the use of research qualitative methods with a strong 

interdisciplinary collaboration. Hence, to generate a more comprehensive QbD 

adaptation, it is necessary to collaborate with a large multidisciplinary team of 

specialists in this area, such as researchers, engineering designers, manufacturers, 

and practitioners. Therefore, future research should expand the QbD system to 

develop detailed specifications for specific bone implant products produced by 

AM using design of experiments (DOE), computational NMS modelling methods, 

MFEA, bioinformatics, and fuzzy logic. The combination of these different 

approaches should provide the means to identify and understand the multi-

factorial interdependence of the different biological, physicochemical, 

mechanical, and functional variables presented in such complex products. 

However, despite these limitations, it was possible to provide an accurate 

description of the different factors, technologies, and strategies that must be 

considered for the development of patient-specific bone implants and scaffolds 

produced by AM. The results of this PhD study allowed to formulate and validate 

the architecture of the QbD system for patient-specific bone implants and 

scaffolds produced by AM. 



Chapter 8 

231 | P a g e  

 

 

• In this PhD study, it was not possible to articulate detailed risk mitigation 

strategies for all of the risks identified by participants due to the uniqueness of the 

observed companies’ products and their manufacturing methods. Moreover, the 

strategies proposed in this study represent a collection of individual experiences 

and knowledge from a relatively small group of industry experts and researchers. 

However, despite these limitations, the novel risk identification procedure 

developed herein can be used as a guide for other companies seeking to create 

high-quality AM patient-specific Ti implants. Further research is required to 

address the study limitations and to foster a high-quality performance in this 

rapidly growing industry. For example, future research should focus on the 

strategic planning of quality assurance and control methods that can help to 

prepare this new industry for future changes in medical device regulations. This 

planning includes more detailed risk assessment and quality control strategies that 

consider time and cost constraints in different scenarios. Moreover, it is known 

that the different medical regulatory organisations, such as the FDA (USA) and 

the TGA (Australia), are currently working together to create a regulatory scheme 

for personalised AM medical devices. Therefore, there is an urgent need for 

engineering management research that focuses on regulatory models that foster 

innovation and are capable of covering the technical considerations for designing, 

manufacturing, and testing such medical devices. 

 

• Lastly, the results obtained from the QbD adaptation to the development of nano-

engineered surfaces with TNTs produced by EA represent the opinion of a small 

community of experts working in this field. Nevertheless, the results obtained can 

direct the developmental process towards clear goals and facilitate the 

identification of fabrication factors which require more attention during the 

quality control process. Therefore, further studies may adopt DoE and fuzzy logic 

methods to further understand the multi-factorial interdependence of TNT 

characteristics with the different biological, physicochemical, and mechanical 

performances of TNTs’ nano-engineered surfaces produced by EA and to 

continue the implementation of the QbD system for the development of nano-

engineered surfaces. 
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8.5 Closure 

This research study was conducted in response to the need for a product development 

engineering management system capable of integrating different technologies and quality 

management tools to direct the development of the next generation of patient-specific 

bone implants and scaffolds produced by AM with nano-engineered surfaces. To achieve 

the goal of this study, the developed QbD system was systematically assessed and refined 

through a series of qualitative and semi-qualitative techniques and tools, specifically, 

within-case analysis, cross-case analysis, statistical analysis, risk analysis, 3D risk 

assessment, failure mode, effects and critical analysis (FMECA), quality function 

deployment (QFD), and the House of Quality (HoQ). These techniques and tools were 

employed based on the data obtained from systematic literature reviews, an online 

questionnaire survey, and face-to-face interviews with industry researchers, industry 

experts, and medical practitioners from different related fields, such as nano-engineered 

surfaces, tissue engineering, computational NMS modelling, and AM. Moreover, 

exploratory case studies were undertaken with three medical device companies located in 

the USA, Germany, and Lithuania. The results provided support for the adapted QbD 

system derived from this study.  

Underpinned by the research findings mentioned herein, this study illuminated the 

product development engineering management research area by providing empirical 

evidence and theoretical knowledge about the different factors, technologies, risks, and 

strategies that must be considered during the development stages of the next generation 

of patient-specific bone implants and scaffolds. In addition, the QbD system developed 

herein also provided practical applications to the biomedical sector and medical 

regulatory organisations in the medical device industry by providing a quality 

management framework that integrates the different biological, mechanical, 

physicochemical, and functional aspects of bone implants and scaffolds from a quality 

risk perspective. Finally, this dissertation closes with the future research directions, which 

pave the way for other researchers willing to enhance and extend the findings of this 

study.  
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APPENDIX A 

Prior QBD Study Descriptive Statistics 

Materials and methods 

Since the introduction of QbD in 2004 in the pharmaceutical field, it has been widely used 

in different pharmaceutical fields to enhance process understanding, predict and optimize 

pharmaceutical formulations, optimize processes, and reduce variability in production to 

ensure robust manufacturing methods. However, to understand in more detail the 

potential benefits that QbD approach can provide for the development of custom 3D 

printed bone prostheses and scaffold, and how it has been used in different research fields 

we analysed 30 different studies that applied this approach. 

Data collection 

A systematic search of Science Direct, was conducted on 2nd August  2017 according to 

the Prisma statement [359]. Search related term was “quality by design”. 

Study selection 

Selected studies were limited to the following inclusion criteria: (1) peer-reviewed papers 

with full-text; (2) empirical studies showing evidence of the applicability of Quality by 

Design approach; (3) published in English language; (4) assess the first ten pages of the 

search results; (5) sort the search results by relevance. 

Data extraction and analysis 

Full-text screening was independently performed by the authors. Any discrepancy 

between the two reviewers was resolved by a consensus meeting. The articles were 

thoroughly reviewed and analysed to extract the following information: Application of 

QbD, QbD implemented steps; QBD tools used; Key output/conclusion. Moreover, the 

articles’ objective/key output was classified in four different categories: Process 
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understanding (PU); Prediction and optimization (PO); Reduction of experimental runs 

(RER); Development of robust manufacturing methods (DRM). Furthermore, the total 

number of experiments that each study performed was gathered, including the calculation 

of the number of experiments if they had used one variable at the time, for more detailed 

information refer to S4_Database file.  The summary of extracted information mentioned 

above can be seen in Table 1. 

Table 1. Data extracted from the reviewed studies. 

Study 
Code 

QbD Application 
context 

QbD 
implemented 

steps 

Objective / Key output  Objective 
category 

No of 
experiments 

with one 
variable at 
the time 

No of 
experiments 

with DOE 

Ref 

S1 Pharmaceutical 
development of 
an intranasal 
nanosized 
formulation 

QTPP, CQA, 
CPP, RA, DS 

“The practical research justified the theoretical prediction. 
Their experimental results reflected and correlated with the 
RA results.” “The study confirmed that a QbD-based 
experimental design and RA can help to reduce the practical 
aspects of the early development research in pharmaceutical 
technology by predicting the parameters that most strongly 
influence the final quality.” “The results of the practical 
research justified the theoretical prediction. This method can 
improve pharmaceutical nano-developments by achieving 
shorter development time, lower cost, saving human 
resource efforts and more effective target-orientation. It 
makes possible focusing the resources on the selected 
parameters and area during the practical product 
development” 

PU,PO L:3 

F:3 

Total:27 

Total:27 [816] 

S2 Development of 
a starch-based 
nanoparticulate 
carrier system 
(StNC) for topical 
delivery of 
lipophilic 
bioactive 
molecules 

QTPP, CQA, 
CPP, RA, DS 

“The manufacturing process and the formula of the StNC 
were simultaneously optimized.” “The production of StNC 
was optimized in terms of composition and process using a 
QbD approach, enabling to successfully develop StNC with an 
optimized nanometric particle size and acceptable stability.” 

PO, DRM L:3 

F:3 

Total:27 

Total:17 [817] 

S3 Design of 
naproxen 
enteric-coated 
pellets (NAP-
ECPs) by fluid-
bed coating 

CQA, CPP, 
CMA, RA, DS 

“Due to the extreme coincidence of the predicted value 
generated by model with the observed value, the accuracy 
and robustness of the model were confirmed.” “It could be 
concluded that a promising NAP-ECPs was successfully 
designed using QbD approach in a laboratory scale.” 

PO,DRM L:2 

F:8 

Total:256 

L:3 

F:3 

Total:27 

Total:12 

Total:15 

[818] 

S4 Development of 
lyophilized 
liposomes with 
simvastatin 

CQA, DS “The current work brings an important innovative 
contribution in the field of lyophilized liposomes, through the 
successful application of the QbD approach in the 
development of lyo-LCL-SIM. In this manner, the influence of 
both formulation and process parameters on the CQAs of 
lyo-LCL-SIM was determined through the use of DoE.” “This 
modern, scientifically based approach of pharmaceutical 
development, enabled us to determine the design space for 
lyo-LCL-SIM, in which the established quality requirements of 
the product are met, provided that the risk factors vary within 
the established limits. We could conclude that QbD is a useful, 
time-effective strategy for the development of lyophilized 
liposome’s having controlled, predictable quality.” 

PU L:3 

F:5 

Total:243 

Total:21 [819] 

S5 Improve the 
manufacturing 
process 
understanding of 
botanical drug 
products 

PFD, CPP, DS “This case study demonstrated that QbD is a powerful tool in 
improving the knowledge of the relationships between 
potentially high-risk factors and the performance of ethanol 
precipitation.” “The process characterization studies and the 
design space provide opportunities for establishing control 
strategies of ethanol precipitation. It is envisioned that 
developing manufacturing process of botanical drug products 
under the framework of QbD not only enhances process 
understanding, but also facilitates the optimization and 
control of process to produce the products with desired 
quality.” 

PU L:3 

F:3 

Total:27 

Total:16 [383]
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S6 Drug substance 
manufacturing 
process of an Fc 
fusion protein 

CQA, CPP, 
RA, DS, DICS 

“Finally, the control strategy was devised to ensure 
consistent manufacturing of drug substance meeting pre-
defined quality targets. The concept of the global multi-step 
Design Space was introduced: predictive models of product 
quality developed for each individual step were linked to 
give operational limits for the entire manufacturing 
process.” “The global multi-step Design Space allowed the 
development of an adaptive strategy where the QbD goal of 
increased manufacturing flexibility was realised: final 
product of the desired quality was obtained through 
adjustment of operating parameters in response to the 
variability in input material characteristics.” 

PO, DRM L: 

F: 

Total: NA 

Total: NA [820] 

S7 Development 
and Evaluation of 
Paclitaxel 
Nanoparticles 

CQA, RA, DS “In this study, the effects of formulation and process variables 
were evaluated.” “With the fundamental understanding of 
the variables and the process, the outcomes of this study can 
be applied to nanoparticulate drug delivery systems 
encapsulating active substances other than paclitaxel.” 

PU 

 

L:2 

F:8 

Total:256 

L:3 

F:3 

Total:27 

Total:12 

Total:15 

[821] 

S8 Development 
and 
characterisation 
of efavirenz (EFZ) 
loaded solid lipid 
nanoparticles 
(SLN) 

QTPP, CQA, 
CPP, RA, DS 

“This study suggests the importance of implementation of 
QbD approach for identifying critical process and 
formulation parameter in order to develop nano based 
pharmaceutical product.” 

PU L:3 

F:2 

Total:18 

Total:18 [386] 

S9 Understand and 
define optimal 
parameters for 
preparation of 
small interfering 
RNA (siRNA) 
loaded PLGA 
nanoparticles by 
the double 
emulsion solvent 
evaporation 
method and 
characterize their 
properties. 

CPP, DS “These results enable careful understanding and definition 
of optimal process parameters for preparation of PLGA 
nanoparticles encapsulating high amounts of siRNA with 
immediate and long-term sustained release properties.” “The 
measured encapsulation efficiency ranged from 2.01% to as 
much as 51.18%. (there is a large variation)”“This study 
demonstrates that it is possible to increase the encapsulation 
efficiency without the use of cationic co-excipients to more 
than 60–70% of biologically active siRNA by the choice of 
optimized formulation parameters without compromising the 
particle size and the negative particle zeta potential.” 

PU, PO, 
DRM 

L:3 

F:5 

Total:243 

Total:18 [387] 

S10 The present 
study is to 
demonstrate the 
useful- ness of 
the QbD 
approach within 
the framework of 
a real example 
illustrating an 
issue with 
unexpected 
impurities 
appearing during 
the last stage of a 
long-term 
stability study of 
a controlled 
released drug 
formulation 
(under 
confidential 
agreement) 

CQA, PFD, 
CPP, DS, DICS 

“The developed method was also subsequently used in 
routine analysis, demonstrating the usefulness of the QbD 
approach for the development of a stability-indicating 
method. The QbD methodology followed in this paper could 
be advantageously applied to the development and 
improvement of any stability-indicating method.” 

PU, PO, 
DRM 

L: 

F: 

Total: 

Total: [384] 

S11 Product and 
process design 
for brivanib 
alaninate filme-
coated tablets 

CQA, PFD, 
CPP, RA, DS, 
DICS 

“Using a risk-based approach, the strategy for development 
entailed identification of product critical quality attributes 
(CQAs), assessment of risks to the CQAs, and performing 
experiments to understand and mitigate identified risks”  
“This demonstration of QbD principles to integrated and 
holistic drug product development highlights the value of 
mechanistically driven experiments in building product and 
process robustness while addressing key risks to the patient, 
manufacturing plant, and product development.” 

PU, PO, 
DRM 

L:3 

F:4 

Total:81 

Total:20 [385] 

S12 Development, 
optimization of a  
in situ gelling 
microemulsion of 
Lorazepam via 
intranasal route 

DS “Ex vivo diffusion studies revealed significantly higher release 
for MEG compared to microemulsion and drug solution. MEG 
showed higher flux and permeation across goat nasal 
mucosa.” “According to the study, it could be concluded that 
formulation would successfully provide the rapid onset of 
action, and decrease the mucociliary clearance due to 
formation of in situ gelling mucoadhesive system.” “MEG has 
shown higher brain targeting, higher drug release from 
formulation and no evidence on nasal ciliotoxicity. This may 
help in decreasing dose and frequency of administration of 

PO L:3 

F:2 

Total:27 

Total:9 [822] 
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drug and may possibly maximize therapeutic benefits and 
may also reduce cost of therapy.” 

S13 Improvement of 
Tablet Coating 
Uniformity 

CPP, DS “This systematic application of the QbD-based method 
resulted in an enhanced process understanding and reducing 
the coating variability by more than half.” “These results 
reported here demonstrate that the new coating process 
optimized by this QbD study was robust and produced 
consistent results.” 

PU, PO, 
DRM  

L: 

F: 

Total: NA 

Total: NA [391] 

S14 Understand the 
impact of 
formulation and 
process variables 
on the quality of 
oral 
disintegrating 
films (ODF) 

CQA,CPP, 
CMA, DS 

“All the DoE formulations showed rapid drug dissolution 
wherein almost 90% of the drug dissolved in 3–6 min (Fig. 4). 
In contrast, ODF reported in literature required a minimum of 
10– 40 mins for complete dissolution.” “It was concluded that 
Quality by Design (QbD) study, employed in the present 
investigation, helped in optimizing product and process 
variables impacting the CQA of LMT ODF product.” 

PU, PO, 
DRM 

L:3 

F:5 

Total:243 

Total:14 [389] 

S15 
Maximize the 
understanding of 
the unit 
operation of 
microfluidization, 
for the 
preparation of 
nanosuspensions 
using 
indomethacin as 
a model drug. 

CQA,DS “This quality by design approach facilitated the elucidation of 
various two-way interactions between independent 
variables which are impossible to detect with the 
conventional one factor at a time methodology.” “This 
research highlights the level of understanding that can be 
accomplished through a well-designed study based on the 
philosophy of QbD.” 

PU L:3 

F:5 

Total:243 

Total:22 [388] 

S16 To facilitate an 
in-depth process 
understanding, 
and offer 
opportunities for 
developing 
control strategies 
to ensure 
product quality, a 
combination of 
experimental 
design, 
optimization and 
multivariate 
techniques was 
integrated into 
the process 
development of a 
drug product 

CQA, PFD, 
RA, DS 

“It was demonstrated that the DOE effect/response surface 
analysis was a powerful tool in studying the effects of 
selected factors (water amount, wet massing time and 
lubrication time) on response variables, and establishing 
design space to ensure the desired manufacturability—
tablet blend flow.” “It is clear that DOE effect/response 
surface analysis and multivariate data analysis are 
complementary tools for pharmaceutical product and process 
development. The level of understanding would not be 
achieved with either approach alone.” 

PU L:5 

F:3 

Total:125 

Total:13 [823] 

S17 Formulation and 
Process Design 
Space for Roller-
Compacted 
Ciprofloxacin 
Hydrochloride 
Immediate-
Release Tablets 

QTPP, CQA, 
CPP, DS 

“In summary, scientific rationale and quality risk 
management analysis were used to successfully and 
efficiently determine the CQAs coming from the 
formulations and the manufacturing processes.” 

PU L:2 

F:11 

Total:2048 

Total:12 [39] 

S18 Retrospective 
Quality by Design 
(rQbD) applied to 
the optimization 
of orodispersible 
films 

CQA, CPP, DS “The rQbD approach followed in this work contributed to fill a 
gap on literature by extending the scientific understanding of 
the influence of CPPs on the stability of drug release profile 
and to define a design space for this novel dosage form” “This 
work shows that it is possible to apply rQbD to achieve a 
greater understanding of the manufacturing process of ODFs 
and to define a proper design space” 

PU, PO 

 

L: 

F: 

Total: 

Total: [824] 

S19 Development of 
dispersible 
tablets 

QTPP, CQA, 
PFD, CPP, DS, 
RA, DICS 

“The better process understanding and control are vital to 
minimize the product waste due to manufacturing failure and 
produce product of desired quality with reduced end product 
testing. These objectives were accomplished by identifying 
process variables for preparing robust diclofenac dispersible 
tablets, measuring and monitoring them as provided in 
process analytical technology” “Consequently, this study 
marked a possibility of a major shift from traditional QbT 
approach to enhance the manufacturers’ confidence in their 
products as well as to relieve the FDA work load significantly 
as quality is built in the system” 

PU, PO, 
DRM 

L:2 

F:2 

Total:4 

L:2 

F:3 

Total:8 

 

Total:4 

Total:8 

[671] 

S20 Development of 
Ohydrophilic 
interaction liquid 
chromatographic 
(HILIC) method 
for the analysis of 
bilastine and its 

CQA, CPP This study presents a step by step development of HILIC 
method for the analysis of bilastine and its degradation 
impurities following Analytical Quality by Design approach. 
Taking into account the complexity of HILIC technique and 
that bilastine is investigated for the first time, systematic 
selection of factors and their ranges was carried out. After 
that, following AQbD roles, method’s design space was 
established and optimal and robust chromatographic 

PU, PO, 
DRM 

L:3 

F:3 

Total:27 

L:3 

Total:15 

Total:11 

[825] 
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degradation 
impurities 

conditions were defined. Finally, the method was fully 
validated and its applicability for the real samples analysis 
was confirmed. 

F:7 

Total:2187 

S21 
Pharmaceutical 
development of 
enoxaparin 
sodium 
microspheres for 
colon-specific 
delivery. 

QTPP,CQA, 
CPP, DS 

The in vitro release profile of enoxaparin sodium was close 
to the ideal one, therefore the system was successfully 
designed using QbD approach. “The QbD approach was used 
to achieve a design space with the desired QTPP as well as to 
determine the optimum formulation within the design 
space. The optimum formulation was characterized and 
found to possess very good characteristics: small size, high 
drug entrapment and gradual release of the drug from the 
microspheres, appropriate to a colonic drug delivery system. 
Consequently, this study demonstrated the practical gain of 
the QbD approach in pharmaceutical drug development, in 
this case the rapid development of colon-specific delivery 
microspheres with the desired QTPP.” 

PU, PO L:3 

F:3 

Total:27 

Total:17 [826] 

S22 Development of 
nanostructured 
lipid carriers 
containing 
salicyclic acid for 
dermal use 

QTPP, CQA, 
CPP, CMA, 
RA,  

“Three highly critical quality attributes (CQAs) for NLC SA 
were identified, namely particle size, particle size distribution 
and aggregation. Five attributes of medium influence were 
identified, including dissolution rate, dissolution efficiency, 
pH, lipid solubility of the active pharmaceutical ingredient 
(API) and entrapment efficiency.” “Based on our experiments, 
an optimal formulation can be obtained” “The present paper 
describes a successfully optimized formula of nanostructured 
lipid carriers containing salicyclic acid, prepared by applying 
the QbD concept on the development process.” “Based on 
these results, a promising salicylic acid-loaded NLC 
formulation could be developed which can function as a 
potential dermal drug delivery system in the treatment of 
acne, psoriasis and eczema” 

PU, PO L:2 

F:3 

Total:8 

Total:8 [827] 

S23 Development of 
aceclofenac 
loaded-nano 
structured lipid 
carriers (NLCs) 

QTPP, CQA, 
CMA, RA, DS 

ACE-NLCs were successfully formulated, characterized, and 
optimized by using QbD approach for topical drug delivery. 

PU, PO L:2 

F:7 

Total:128 

L:3 

F:3 

Total:27 

 

Total:8 

Total:17 

 

[828] 

S24 Development of 
pellets for oral 
lysozyme 
delivery 

CQA, CPP, RA “Use of the QbD approach during the formulation of 
biotechno-logically produced APIs is essential. The high 
variability and sensitivity of these molecules demand a better 
understanding of the effects of the CPPs on the CQAs of the 
products. The present results partially confirmed the original 
assumptions of the risk assessment” 

PU 

 

L:2 

F:6 

Total:64 

Total:64 [829] 

S25 Design of 5-
fluorouracil 
loaded lipid 
nanoparticles by 
the W/O/W 
double emulsion 

QTPP, CQA, 
CPP, DS, DICS 

“The optimal formulations recommended by the models were 
prepared and the critical quality attributes belonging to those 
formulations were assigned. The experimental results 
remained within the design space limit values. 
Consequently, optimal formulations with the CQA 
determined to achieve the QTPP were successfully obtained 
within the design space by following the QbD steps.” “These 
formulations were examined experimentally and found to 
successfully reside within the design space. ANN programs are 
quite advantageous for the industry because they provide 
detailed results and prevent unnecessary studies which 
cause a loss of time and money. Consequently; the emphasis 
of this study is to demonstrate the practical gain of the QbD 
approach in pharmaceutical drug development. It can be 
concluded that optimum 5-FU loaded lipid nanoparticle 
formulation could be achieved by QbD.” 

PU, PO L: 

F: 

Total: 

Total: [830] 

S26 A multivariate 
formulation 
robustness study 
was performed 
for a selected 
formulation of a 
monoclonal 
antibody to 
demonstrate 
acceptable 
quality at the 
target 
composition as 
well as at the 
edges of the 
allowable 
composition 
ranges and 
fulfilment of the 
end-of-shelf-life 
stability 

CQA, DS “In our study, first, we predefined acceptance limits for the 
CQAs tested in formulation robustness studies, based on QbD 
principles and in alignment with the project specific overall 
control strategy. Second, an MLR model was calculated. In the 
case that the MLR model is statistically not significant, we can 
deduce that the formulation is robust within the formulation 
composition ranges.” “Based on this case study, we propose 
that a formulation can be claimed as “robust” if all drug 
substance and drug product critical quality attributes 
remain within their respective end-of-shelf-life critical 
quality attribute acceptance criteria throughout the entire 
claimed formulation composition range.” 

PU, PO L:2 

F:3  

Extra 
experiments: 
3 

Total:11 

Total:11 [831] 
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requirements of 
36 months at the 
intended storage 
temperature. 

S27 Design space 
definition of a 
blending unit 
operation 

CQA, CPP, 
CMA, RA, DS 

“We show that a structured and systematic quality risk 
management approach within the QbD-framework 
significantly contributes to an efficient development 
process. This is achieved by identifying those quality 
attributes and input parameters that are crucial for further 
investigations. By subsequent linking of the safety and 
efficacy of the product with the identified quality attributes, a 
starting point for process development can be defined” “This 
information is of crucial importance in the development phase 
of the blending unit.” 

PU L: 

F: 

Total: 

Total: [832] 

S28 Development, 
optimization, and 
evaluation of 
Carbopol 940 
topical gel 
containing 
aceclofenac-
crospovidone 
(1:4) solid 
dispersion 

CQA, DE “The selected QbD strategy allowed an efficient selection of 
the best formulation composition and of the most suitable 
experimental conditions in the shortest time and with the 
minimum number of experiments. The best formulation was 
studied for in-vivo pharmaco dynamic performance in 
carrageen-induced rat paw oedema model and was 
compared with marketed gel formulation.” “Carbopol 940 
topical gel containing aceclofenac-crospovidone solid 
dispersion was successfully developed and optimized by QbD 
approach based on 23 factorial design.” 

PU, PO L:2 

F:3 

Total:8 

Total:8 [833] 

S29 Understand the 
spray drying 
process of insulin 
intended for 
pulmonary 
administration 

CPP 
“Prediction equations were obtained for all dependent 
variables including both interaction and quadratic terms.” 
“The results indicate that formulation parameters are at least 
as important as process parameters when spray drying 
proteins. In particular, parameters affecting the critical 
concentration are important when designing a proper process 
for spray drying proteins. Design of experiments and 
multivariate data analysis proved to be useful tools for QBD 
and were able to identify important parameters and 
variable correlations.” 

PU,PO L:3 

F:5 

Total:125 

Total:31 [834] 

S30 Development of 
a stability 
indicating UHPLC 
method for 
ebastine in the 
API and 
pharmaceutical 
formulations 

CPP, RA, DS, 
DICS 

“A verification study demonstrated that the established 
model for Design Space is accurate with a relative error of 
prediction of only 0.6%.” A Design Space – a volume in which 
the method is robust is defined and visualized. Also, the 
predicted retention times and resolution values are in 
excellent agreement with experimental values. The method 
was fully validated in compliance with ICH guidelines and a 
robustness study was performed by varying six 
chromatographic parameters. The analysis time is less than 
4 min, which is an impressive 40-fold increase in productivity 
in comparison to the method published in the E.P. monograph 
and allows purity testing of more than 360 samples per day. 
“Moreover, a single run takes 160 min and is therefore not 
acceptable for routine analysis.” 

PU, PO, 
DRM 

L: 

F: 

Total: 

Total: [390] 

Results 

A total of 30 studies were statistically and qualitative analysed to identify: the most 

implemented QbD steps, the reasons to use QbD system in research, what positive results 

and drawbacks were encountered, and what was the total reduction of experiments 

obtained by using QbD system. According to our results, QbD has been widely used in 

different pharmaceutical fields for several purposes, such as formulation and process 

design [39], improvement of drug manufacturing [383-385], and development of nano 

based pharmaceutical products [386-388]. Moreover, it was found that the most 

implemented QbD steps in the reviewed studies are: identification of critical process 

parameters and material attributes (CPP/CMA), design space (DS), and identification of 

critical quality attributes (CQA), with 93%, 87%, and 77% respectively, as shown in 
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Figure 1c. Whereas the least QbD steps used were: development of strategies for product 

lifecycle management and continuous improvement (PLMCI), process flow diagram 

(PFD), and design and implement a control strategy (DICS), with 0%, 23%, and 17% 

respectively. 

Furthermore, in this analysis it was identified that QbD was mainly used to achieve four 

different objectives: process understanding (PU), prediction and optimization (PO), 

reduction of experimental runs (RER), and development of robust manufacturing 

methods (DRM), as shown in Figure 1a. 

Process understanding (PU) 

First, the majority of the studies (86%) used QbD to enhance process understanding (PU). 

Where the identification of CQA and CPP/CMA were the main steps of the QbD approach 

used for this purpose, representing 77% and 93% respectively (Figure 1c). For example, 

Verma, Lan [388] used QbD to gain a comprehensive understanding of the preparation 

and processing of nanosuspensions via microfluidization by identifying various two-way 

interactions between independent variables which were impossible to detect using other 

methods. Similarly, Zhang, Yan [383] used QbD to improve the manufacturing process 

understanding of botanical drug products. In this study they identified the critical factors 

that can affect the performance of ethanol precipitation process, to then develop a 

potential design space of ethanol precipitation operation. According to Zhang, Yan [383] 

“QbD is a powerful tool in improving the knowledge of the relationships between 

potentially high-risk factors and the performance of ethanol precipitation…”.  

Prediction and optimization (PO) and reduction of experimental runs (RER) 

Prediction and optimization of pharmaceutical formulations (PO), and reduction of 

experimental runs (RER) were the second and third reasons of using QbD with 56% and 

53% respectively, as shown in Figure 1a. A total of 16 studies out of 30, aimed for the 

reduction of experimental runs (Figure 1b). Incredibly 50% of these studies reduced their 

experimental runs by more than 90%. In average the reduction of experimental runs was 

78%. In regards to optimization of pharmaceutical formulations, Mazumder, Pavurala 

[389] optimized the formulation of an oral disintegrating film to reduce its dissolution 

time from 10-40 mins to 3-6 min, representing and improvement of 85%. In another study, 

Schmidt and Molnár [390] reduced the purity testing of non-sedating antihistamine using 
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ultra high performance liquid chromatographic (UHPLC) method from 160 min to 4 min, 

representing an impressive 40-fold increase in productivity.  

Development of robust manufacturing methods (DRM) 

The fourth reason identified for implementing of QbD was for the development of robust 

manufacturing methods (DRM) by reducing variability in production. Just 36% of these 

studies used QbD for this purpose (Figure 1a), and 23% implemented the 7th step of the 

QbD approach which aims to design and implement a control strategy (DICS), as shown 

in Figure 1c. A good example of variability reduction with QbD is Cun, Jensen [387] 

study, where they were able to increase the encapsulation efficiency of Poly(DL-lactide-

co-glycolide acid) PLGA nanoparticles from 2.01% to 60%, and reduce the variation 

efficiency  from 49.17% to just 10%. Also Dubey, Boukouvala [391] was able to improve 

their production variability. In their study they reduced the tablet coating variability by 

more than 50%, and concluded: “These results reported here demonstrate that the new 

coating process optimized by this QbD study was robust and produced consistent results”. 

 

  

Figure 1. (a) Studies’ main objective, PU: Process understanding, PO: Prediction 

and optimization, RER: Reduction of experimental runs, DRM: development of 

robust manufacturing; (b) Percentage of reduction of experimental runs per 

paper; (c) QbD steps implemented in the reviewed studies. 
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Conclusion 

In summary, the results suggest that the majority of the reviewed studies presented low 

levels of maturity in regard to the product development life cycle. The reason is that most 

of research studies were not aimed to reach commercial stages, therefore the 7th (DICS) 

and 8th (PLMCI) QbD steps were be perceived irrelevant for most of these research 

studies. Additionally, it has to be noted that the QbD system was developed to assist and 

accelerate the product development process in pharmaceutical companies, therefore is not 

a surprise that all the steps of the QbD system were not implemented in any study. 

Nevertheless, it can be said the all these studies obtained positive results from the 

implementation of QbD. Moreover, despite the fact that just a few studies aimed for DRM 

and implement the DICS step, they achieved remarkable results. Furthermore, most 

studies had a dramatic reduction of experimental runs and process variability, which can 

be translated in lower cost and improved quality. The implementation of QbD can provide 

similar benefits to different kind of process and products regardless the industry to which 

they belong. Therefore, QbD is a powerful system that can assist the development of 3D 

printed bone implants and scaffolds to provide better products and process understanding, 

ensure robust manufacturing, and minimize development risks and cost.  
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APPENDIX B 

Appendix B-1. Semi-Structured Interviews 

Overview 

Since the introduction of QbD into the pharmaceutical field in 2004, it has been widely 

used in different pharmaceutical fields to enhance formulation and process design [39], 

improve of drug manufacture [383-385], and to develop nano based pharmaceutical 

products [386-388]. Moreover, through a systematic search and a statistical analysis (S1 

File) it was found that the implementation of QbD can provide remarkable results 

enhancing process and product understanding, and leading to a drastic (up to 90%) 

reduction of experimental runs. Additionally, it was found that QbD was mainly used to 

achieve four distinct objectives: process understanding (PU), prediction and optimization 

(PO), reduction of experimental runs (RER), and development of robust manufacturing 

methods (DRM). 

Based on the positive results that QbD has being providing for the pharmaceutical field, 

we believe that the adaptation of QbD for the development of 3D printed bone prostheses 

and scaffolds can provide similar outcomes. As a result, this study formulated and 

implemented the first five steps (1-5.3) of the QbD system for the development of 3D 

printed bone prostheses and scaffolds. However, in order to know if this adaptation of 

QbD will be useful for the development of 3D printed bone prostheses and scaffolds, we 

validated our results with several experts in the field of study. For this purpose we 

performed semi-structured interviews to achieve the following objectives: 

a) Introduce the concept of the QbD system to a selected group of experts notably

researchers and surgeons.

b) To compare the QbD system with business as usual practices and obtain

comments and examples on how QbD system can improve current practices.

c) To study the perceptions of researchers and practitioners in relation to the results

of the adaptation of QbD for custom 3D printed bone implants with the four
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previously identified (statistical analysis) potential benefits that QbD can provide 

to their field of expertise. 

Materials and methods  

In order to validate the results of the adaptation of QbD for custom 3D printed bone 

implants, a qualitative research approach was employed. For this purpose, semi-

structured interviews were specifically designed to capture the experiences and opinions 

of researchers, industry experts, and practitioners with previous experience in at least one 

of the main processes necessary for the design and fabrication of custom 3D printed bone 

implants. 

Data collection  

The design and fabrication of custom 3D printed bone implants requires a multi-

disciplinary team of experts of different fields specifically medicine, engineering, and 

bone biology. Therefore, qualitative semi-structured interviews were selected as the data 

collection instrument to be performed with each participating. For the purpose of this 

study, the exploratory approach was adopted following the Consolidated criteria for 

reporting qualitative research (COREQ) [360], as the aim was to validate the empirically 

implemented QbD system. By following this approach, 26 questions in total divided in 

four specific groups were designed. Moreover, an interview guide and a PowerPoint 

presentation were designed to guide the direction of the conversation, present the 

preliminary results obtained from the adaptation of QbD and the statistical analysis, and 

to gather new data that could not be taken into account during the adaptation of QbD 

system, for more details refer to Appendix A.  

Study selection 

The criteria to select the participants for this study was based on their experience and 

expertise in the field of study. Therefore, pertinent experts in the field of tissue 

engineering, medical product development, and orthopaedic surgeons with previous 

experience with 3D printed bone implants, were selected.  
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The sample size is limited by the nature of the research field, which is characterized by 

small samples, but detailed and extensive work [378].  Therefore, the snowball sampling 

method was selected to cover as many people the researcher can gain access to. Snowball 

sampling is when the research benefits from participants network, and others participants 

are suggested or introduced to the researcher [377]. Eight invitations to participate in this 

study were send via email to different experts of different universities in Australia and 

USA.  

Data extraction and analysis 

To facilitate the data extraction an interview guide was used to maintain the direction of 

the conversation and the relevant lines of enquiry, whilst probing into the issues of 

interest. To obtain a complete and accurate description of the interviewee’s responses and 

comments, all interviews were recorded and transcribed for further analysis.  Moreover, 

at the beginning of each interview a consent form was delivered to each participant, 

explaining that the information that they will provide will be considered confidential and 

the summary of results of this study may be used for presentations and publications. 

Consequently, each participant signed the consent form and approved the interview be 

audio recorded. The types of questions that this research addressed were descriptive and 

structural. Descriptive questions are asked to get descriptions of things and processes in 

order to get insights, or to check validity or accuracy about something [377]. Structural 

questions help the researcher to categorize groups of things and processes and to 

understand its relationships [377]. 

Qualitative data analysis required to examine, categorize, tabulate, test and combine 

evidence to address the initial propositions of a study [379]. The data analysis for the 

semi-structured interviews followed two key steps recommended by Eisenhardt [380]: 

within-case and cross-case analyses. In this study the within-case analysis was concerned 

with the evaluation of the collected data, as well as the reporting of the findings of each 

individual case study. A systematic reading through each transcript was performed, to 

then assign codes to tag segments with similar content to sort them into separate 

categories for a final distillation into major themes (Appendix B). The codes were pre-

designed using the deductive coding technique based on the five groups of questions 

designed for the interviews [381]. It is worth mentioning that due to the open ended nature 

of the interview questions, the answers for a particular question were be mixed up with 
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another question. As result, part of the data gathered was of an “unstructured” nature 

consisting of long paragraphs which were organized in a structured and evidentiary-

based manner to be able to draw conclusions as the study progresses. The information 

obtained from each interview provided an insight into how different factors of the adapted 

QbD system were perceived by experts from different fields of expertise. This was 

presented in the form of evidentiary tables containing the classified evidence from each 

interview using Miles, Huberman [382] tabular approach, for more details refer to 

Appendix C.  

Following this, the cross-case analysis was performed to find patterns, agreements, and 

disagreements in opinions between the interviewees [365]. To facilitate the cross-case 

analysis, the information in the form of evidence extracts, was categorized in tabular 

manner based on the coding used, for more details refer to Appendix D. Once all the 

evidence had been organised, the results of this analysis were used to enhance and validate 

the preliminary results obtained from the adaptation of the QbD approach, and to report 

participants’ opinions and concerns. It has to be noted that the pattern-matching procedure 

involves no precise comparisons; there may not be quantitative or statistical criteria 

involved on which to judge the pattern, thus allowing for some interpretive discretion on 

the part of the researcher [358]. 

Results 

A total of six semi-structured interviews were performed in October 2017. To maintain 

the participants’ confidentiality and anonymity a code was assigned to each of them as A, 

B, C, D, E, and F. Overall, the participants’ expertise comprised a good mix of 

researchers, industry experts, and medical practitioners of different fields related to 

medical device development, 3D bone printed implants, motion capture, tissue 

engineering, orthopaedic surgery, bone biomechanics, computational neuromuscular 

modeling, and nano engineered implants. Participants’ details such as years of experience, 

and area of expertise and research are summarized in Table 1. The duration of each 

interview ranged from 30 to 90 minutes. Four sets of face to face interviews were 

conducted in Australia, and two via video conference in Australia and USA. All 

interviews were carried out by the first author of this paper on a one-to-one basis.  
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Table 1. Interview participants’ background information. 

 

Previously in the statistical analysis (S1 File) it was identified that the main objectives to 

use the QbD system in the pharmaceutical sector were: process understanding (PU), 

prediction and optimization (PO), reduction of experimental runs (RER), and 

development of robust manufacturing methods (DRM). Comparing this results with the 

interviews responses, it was found that there is a positive common consensus between 

participants’ responses in relation to the main four reasons that the adaptation of the QbD 

system can be used in the development of custom 3D printed bone implants. Moreover, 

during the interviews the participants commented about other potential benefits that QbD 

can provide to this field, as well as concerns and suggestions.  

Participants 
details 

Participants’ assigned code 

A B C D E F 

Research field Tissue 
Engineering of 
cardiovascular 
implants 

Orthopedic 
Surgery 

Computational 
Neuromuscular 
Modeling 

Biomedical 
Engineering 
with emphasis 
on bone 
biomechanics, 
and spinal 
disorders and 
biomechanics 

Biomechanics Nano 
engineered 
implants 

Current position 
and 
responsibilities 

Principal 
Engineer in 
research and 
product 
development 
in a medical 
device 
company 

Visiting 
Medical 
Officer, 
Paediatric 
Orthopaedic 
Surgeon 

Professor and 
Chair of 
orthopaedic 
research and 
education, and 
lead of 
Innovations in 
health 
technology 

Professor and 
chair of 
biomedical 
engineering of 
spinal 
disorders 

Clinical 
motion 
analysis 
consultant 

Research 
fellow 
Postdoctoral 
researcher 

Field of 
education 

PhD in 
Cardiovascular 
Engineering, 
Master in 
Biomedical 
Engineering, 
and bachelor 
in Mechanical 
Engineer 

Bachelor of 
Science, and 
Bachelor of 
Medicine 

Postdoc in 
Neurophysiology, 
PhD in 
Biomechanics, 
and Bachelor in 
Mechanical 
Engineering 

Postdoc in 
Bioengineering, 
PhD in 
Mechanics of 
Materials, 
Master in 
Theoretical 
Mechanics. 

PhD in 
Biomechanics 
and 
Orthopaedics,  
and Bachelor 
degree in 
human 
movement 
science  

PhD in Nano 
technology, 
and Bachelor 
in Nano-
biotechnology 

Interview type 
and participant 
location 

Online. 

Irvine, 
California, 
USA 

Office. 

Brisbane, 
Queensland, 
Australia 

Office. 

Gold Coast, 
Queensland, 
Australia 

Office. 

Brisbane, 
Queensland, 
Australia 

Online, 
Brisbane, 
Queensland, 
Australia 

Office, 

Brisbane, 
Queensland, 
Australia 

Years of 
experience 

20 7 38 16 13 8 

Number of 
projects in 
which they had 
participated 

14 major 
industry 
projects 

4 major 
medical 
projects 

30 research and 
industry projects 

40 research 
and industry 
projects 

4 major 
research and 
medical 
projects 

20 research 
projects 
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Five out of six participants agree that the adaptation of QbD facilitates PU by providing 

a framework in a flowchart fashion that allows to understanding the whole development 

process in an easier way. “This is an enhancement in streamlining the whole product 

development process… to aid new companies… and giving to them a framework to 

understand the development process” (Participant B). Moreover, QbD “allow to simulate 

possible variations on design and see what is important and what is not important” 

(Participant C). “have a number of factors that can influence the quality of the product 

and write them down in a more flowchart fashion then it is easier to find out what is the 

step that is missing or if it needs more control” (Participant F). 

In regards to PO and RER the interview participants stated that “this is a huge capability 

that QbD has” (Participant A, tissue engineering expert), “this could be a good way to 

reduce the number of experiments” (Participant D). Moreover, “QbD will tell us the most 

crucial things that we should do in experiments… because allow us to look the most 

sensitive parameters for the required outcomes. For example, wind design used to be 

empirical, in the transition from subsonic to supersonic. Design engineers use to think 

that they can find a wind design that allow for a smooth transition with laminar flow, but 

actually it was shown mathematically that can never exist, and that stop them for looking 

the solution for this problem. So using the same analogy we can also use predictions that 

will tell us what we can do and what we cannot do” (participant C).  

In relation to DRM, all participants agree that the adaptation of QbD can help to achieve 

robust manufacturing process, improving biomedical engineering products by minimising 

the risks and reducing product variation.  “I can see that this method can be the 

replacement to the Six Sigma method, which is really effective for conventional 

manufacturing, but in the case of 3D printing this is totally different, that’s why I think 

that QbD can work here” (Participant A). “QbD feedback loops can ensure that the 

fabrication produces what we are expecting” (Participant C). “There is not a streamline 

process that we can really rely yet. So the fact that now the QbD process very 

systematically brakes down into sections which later people can take on and then develop 

independently, this will be a big step towards making the process more efficient and 

improve time frames” (Participant B). 

Through the interviews other potential benefits that QbD can provide for the development 

of 3D printed bone implants products were explored. These benefits are: direction to a 

clear goal (D-GOAL); improvement of current practices (IMPRV-PRAC); enhancement 
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of current bone implant and scaffold design (ENHAN); product development acceleration 

(ACCEL); innovation encouragement (INNOV); and other kinds of potential benefits (O-

BENF). 

According to the opinions of different experts one of the potential benefits that QbD can 

offer for the development of such products is the direction of the product development 

process clearer goals by providing a depth understanding of the numerous factors 

involved in it, allowing a better definition of product boundaries, targets, and potential 

modifications. For example: QbD does this (facilitate the direction of a project) really 

nicely, because is quite overwhelming to start a research project in this area. QbD 

simplifies the whole process and your results are a beautiful demonstration of the process 

(Participant B). By checking all the boxes in QbD, I would suggest you can better define 

the direction of your project and also the research question, in particular in determining 

the boundaries of the product may encompass, you can determine where your product is 

to be targeted then also how much modifications you can see within that process 

(Participant E).  

According to Participants B and C the adaptation of the QbD can enhance current design 

practices and accelerate product development by breaking down the whole development 

process into easily understood sections that can independently be developed under the 

same goal. This results in a more efficient, streamlined process as well as the reduction 

of product development time frames, and the help to reduce a high risk industry into 

something that is very low risk. “There are all sorts of ideas coming up from doctors and 

surgeons, but how to do this and how to do it better, are just intuitive guesses. This (QbD) 

is actually a framework…that allows you to test those intuitions correctly and rapidly. It 

actually allows you to play around with… and rapidly test different ideas” (Participant 

C). “Using more lean techniques to establish models that have not been used in this area 

can save us a lot of time” (Participant F).  QbD can improve efficiency within the service 

and accelerate the use of the technology …and give confidence to produce products as 

good or even better that current designs (Participant E).  

QbD by design also “can act as an insurance for innovation to be truly examined and 

analysed” (Participant A).  Moreover, “having the backing of QbD it will definitely assist 

innovation towards commercialization” (Participant E). All this can be possible due to 

the fact that QbD is a tool that facilitates a complete understanding of the product and its 
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fabrication processes, allowing to short test products and ideas to find optimal ranges of 

operation that then can be extrapolated to invent new products (Participant D).  

Other potential benefits were perceived by the participants of this study, for example: 

Participant B stated that QbD can facilitate communication between experts from 

different fields, cutting out work throughout the project and saving a lot of trouble and 

cost. Moreover, participants B and C mentioned that the use of QbD and computational 

modelling will be critical to develop personalised biological implants, because they “does 

not allow destructive testing, and will required millions of hours of physical testing just 

to one product” (Participant C). Furthermore, participants D, E, and F identified that there 

is a need for regulations in this area, and QbD can pave the way the way for future 

enhancement in this research field and act as a guidance for regulatory bodies across 

countries such as FDA (USA), and TGA (Australia) to develop new quality standards for 

these emerging customized products, thus “they can function better, brake less, and give 

better outcomes” (Participant C). 

In regards to the participants’ concerns, three of them said that the challenge is to 

convince industry and researchers to use the QbD system. Moreover, they point out that 

the biggest challenge could be the integration of the system, and the start-up time and cost 

to implement it. Additionally, some participants suggested few improvements to the 

adaptation of QbD, which were accordingly addressed in order to enhance our preliminary 

results.  

Conclusions 

Overall, the interview results show a positive common consensus between participants’ 

responses agreeing that adapted QbD system of this study can be used to achieve the same 

benefits that the QbD has been providing to the pharmaceutical sector. These four benefits 

where previously identified in the statistical analysis (S1 File), they are: process 

understanding (PU), prediction and optimization (PO), reduction of experimental runs 

(RER), and development of robust manufacturing methods (DRM). Moreover, during the 

interviews the participants commented about different potential benefits that QbD can 

provide to this field, including some concerns and suggestions. 

According to the opinions of participating experts, one of the potential benefits that QbD 

can offer for the development of such products is the direction of the product development 
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process clearer goals by providing a depth understanding of the numerous factors 

involved in it, allowing a better definition of product boundaries, targets, and potential 

modifications. Moreover, according to participants’ comments the results of the 

adaptation of the QbD can enhance current design practices and accelerate product 

development by breaking down the whole development process into ease understandable 

sections that can independently be developed under the same goal. The results of it is a 

more efficient streamline process towards the reduction of product development time 

frames, and the help to reduce a high risk industry in a situation that is really low risk. 

Furthermore, QbD by design also “can act as an insurance for innovation to be truly 

examined and analysed” (Participant A).  Moreover, “having the backing of QbD it will 

definitely assist innovation towards commercialization” (Participant E). All this can be 

possible due to the fact that QbD is a tool that facilitates a complete understanding of the 

product and its fabrication processes, allowing short testing of products and ideas to find 

optimal ranges of operation that then can be extrapolated to invent new products 

(Participant D).  

Other potential benefits that were perceived are that QbD can facilitate communication 

between experts, because it breaks down the whole development process into coherent 

sections cutting out work throughout the project and saving a lot of trouble and cost. 

Moreover, it was mentioned that the use of QbD and computational modelling will be 

critical for the development of personalised biological implants. Furthermore, three 

participants identified that there is a need for regulations in this area, and QbD can pave 

the way for future enhancement in this research field, acting as a guide for regulatory 

bodies across countries such as FDA (USA), and TGA (Australia) to develop new quality 

standards for emerging customized medical products, thus “they can function better, 

brake less, and give better outcomes” (Participant C). 
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Appendix B-2. Interview Guide 

Topic 

Potential benefits, improvements, and challenges of the Quality by Design (QbD) system 

in research and industry. 

Objectives 

1. Introduce the concept of the QbD system to a selected group of experts 

such as researchers and medical doctors. 

 

2. To compare the QbD system against business as usual practices and 

obtain comments and examples on how QbD system can improve current 

practices. 

 

3. To study the perceptions of researchers and medical doctors in relation to 

the four previously identified (statistical analysis) potential benefits that 

QbD can provide to their field of expertise. 

 

Interview questions and steps  

1. Background information 

1.1. Research field 

1.2. Current position and responsibilities  

1.3. Field of education and research 

1.4. Years of experience  

1.5. Number of project in which you had participated 
 

 

2. Introduction of the QbD system adapted for custom 3D printed bon prostheses 

and scaffolds 

 

General (objective 1): In the following minutes I will introduce and explain the concept 

of the QbD system, including the results of the adaptation of this system for the 

development of 3D printed bone prostheses and scaffolds (refer to page 4). 

 

• Quality target product profile 

• Critical quality attributes 

• Process flow diagram 

• Critical process parameters and material attributes 

• Risk assessment 
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• Design Space and Design of experiments

• Quality control strategies

• Product lifecycle management and continuous improvement

3. Compare the QbD system against business as usual practices

General (objectives 2): Please think about the business as usual practices in your field. 

3.1. Can you tell me if you used something similar to QbD in previous projects? 

3.2. Can you please tell me, what are the differences that you can perceive between 

businesses as usual practices and the QbD system? 

 Probe on: QbD can help to better direct the development process to a clear goal than

current practices

3.3. To what extent do you think that QbD can facilitate the direction of a

project/product development? 

 Probe on: QbD can accelerate the product/research development process

3.4. Do you believe that QbD system can help to accelerate product/research

development process? 

3.5. If yes, can you give some examples based on current practices? 

 Probe on: Comprehensives of QbD risk assessment compared to current practices

3.6. Can you tell me if you used something similar in previous projects?

3.7. Can you tell me which risk assessment is more comprehensive?

3.8. If yes, can you give some examples based on current practices? 

3.9. What other kind of potential benefits do you believe that QbD system can 

provide to 3D printing in the medical field in relation to bone implants and 

medical devices?  

3.10. Do you believe that using QbD system can improve current practices? 
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4. Perception of potential benefits of the QbD system 

General (objective 3): Please think about your previous experience in relation to 3D 

printing. 

 

 Probe on: Process and product understanding  

4.1. To what extent do you believe that the QbD system can enhance process and 

product understanding? 

 

 Probe on: Prediction and optimization 

4.2. To what extent do you believe that the QbD system can help to predict 

experimental results? 

4.3. To what extent do you believe that the QbD system can facilitate optimization of 

experiments and processes?  

 

 Probe on: Reduction of experimental runs 

4.4. To what extent do you believe that the QbD system can help to reduce 

experimental runs without affect the quality of your experiments? 

 

 Probe on: Development of robust processes and manufacturing 

4.5. To what extent do you believe that the QbD system can assist for the development 

of more robust processes and manufacturing practices? 

 

5. Other potential benefits of the QbD system 

 

5.1. Can you tell me some examples on how QbD can help you in future projects? 

 

5.2. Do you have a quality control strategy to ensure that your project/process can 

provide consistent and reliable outcomes? 

 

5.3. Do believe that the application of QbD can lead to innovation? 

 

5.4. To what extend do you believe that the content of the QbD adaptation can 

enhance current bone implant and scaffold design?  

 

5.5. The solution needs significant improvements? 

 

5.6. Are you keen to apply the solution or aspects of it in my future work?
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APPENDIX C 

Data Availability Statement 

This study discussed and/or proposed an implementation of the Quality by Design (QbD) 

approach to custom 3D printed bone prostheses and scaffolds. The overall approach 

selected for this study is constructive research approach which is used to produce 

innovative solutions to practical problems [48] using managerial problem-solving 

techniques through the construction of models, diagrams, plans, and organizations [348]. 

However, it is important to note that this is a new research field and a niche industry 

which is still in its development stages. As a result, to gather the necessary data for this 

study, qualitative secondary data was the main data source needed to develop the 

adaptation of QbD system for custom 3D printed bone implants. 

To gather the necessary data we performed an extensive qualitative systematic search of 

Science Direct, and Google Scholar using the Prisma statement guideline [359]. The 

systematic search was aimed at to identifying the main outcomes and benefits that QbD 

had provided to other studies research studies, and the different design and fabrication 

processes for custom 3D printed bone prostheses and scaffolds, including the risks 

associated with these processes. 

The classification topics were: Application of QbD, QbD implemented steps; QBD tools 

used; Key output/conclusion; properties and requirements of porous scaffolds; medical 

image; biomaterials and surface treatments; study cases; 3D printing methods; 3D 

printing fabrication errors; design approaches; and performance simulation (finite 

element analysis; and joint kinematics simulation). The classified articles were 

thoroughly reviewed and analysed to get a deep understanding of the technologies and 

processes involved, in order to gather data related to the design and fabrication of patient-

specific bone implants, and to identify risk factors related to their design and fabrication. 

Additionally, the reference list from collected papers was systematically reviewed to 

identify further items. Once all applicable literature was identified the tailored QbD 

approach adapted specifically for 3D printed bone implants was formulated. 
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To avoid risk of bias full-text screening was performed independently by D.M., R.S, C.C 

and A.M. Any discrepancy between the reviewers was resolved by a consensus meeting. 

The articles were classified based on their research objective to facilitate their analysis.  

Note: The full list of studies included in this systematic search can be found in 

S5_Database File. 

Search strategy 

Systematic search Date: November 10th 2016  

Search strategy for first question: Which are the design and manufacturing steps 

for custom 3D printed bone implants? 

("Additive manufacturing" OR "3d printing" OR "rapid prototyping" OR "reverse 

engineering" OR "tissue engineering" OR "biomimetic") AND (scaffold* OR custom OR 

custom?ed OR "patient specific") AND (implant* OR prosthes* OR design OR lattice)  

Table 1. Search strategy for first question, custom range 2000-2016 only journal 

papers. 

Data Base Records identified 

Google Scholar 18,200 

Science Direct 20,460 

Duplicates 16,900 

 

Search strategy for second question: Which are the risks on product quality that can 

occur during the design and manufacturing of custom 3D printed bone implants? 

("Additive manufacturing" OR "3d printing" OR "rapid prototyping" OR "reverse 

engineering") AND (accuracy OR defect* OR metrology OR quality OR errors OR 

optimi?ation OR strategy OR rules) 

Table 2. Search strategy for second question, custom range 2000-2016 only journal 

papers. 

Data Base Records identified 

Google Scholar 17,200 

Science Direct 17,125 

Duplicates 8710 
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Systematic search Date: August 2th 2017 

Search strategy for third question: what are the main reasons for the use of QbD? 

(“Quality by design”) 

Data Base Records identified 

Science Direct 1,057,344 

Total records identified 

Table 3. Total records identified. 

Data Base Records identified Total 

Google Scholar 35,400 1,096,329 

Science Direct 1,060,929 

Duplicates 25,610  1,070,719 

Figure 1. Search strategy and selection of the studies 
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APPENDIX D 

Survey Documentation 

Appendix D-1. Research Invitation Letter 

Dear, Sheanna Maine 

My name is Daniel Martinez, a PhD candidate from Griffith University, Queensland, Australia. I am 
completing a PhD research on the topic of design and fabrication 3D printed bone prostheses and scaffolds. 

The purpose of this study is to develop a robust new design framework for the development of custom 3D 
printed bone implants and scaffolds, through the adaption of the Quality by Design (QbD) approach, and 
using quality risk management tools. Such adaptation of the QbD approach should facilitate product 
understanding to support innovation and efficiency by reducing of costs and waste, to help industry and 
research to optimize resources and accelerate product development time frames. 

I am requesting whether you would assist my research by being interviewed in the third quarter of this year, 
to provide your opinion and expertise in relation to the results obtained from the adaptation of the QbD 
approach against business as usual practices; including your perception in regards to the potential benefits 
of the QbD system. 

Your responses to any questions will be kept confidential and no documents will be published without your 
permission. Each interview, and questionnaire will be assigned with a number code to help ensure that 
personal identifiers are not revealed during the analysis and write up of findings. Also, any sensitive 
information will be keep confidential. 

This study will provide a foundation for future studies to continue the adaption of the QbD approach for 3D 
printed bone implants. Therefore, our study offers the opportunity to refine and validate the concepts and 
constructs that emerged from it. Moreover, this early adaptation of the QbD approach can be used to assist 
and guide the early planning of the design, and prototyping phases of any custom 3D printed bone implant 
in order to optimize research activities and resources, while controlling risks, improving quality and reducing 
costs. Furthermore, the QbD approach can provide well-established design and manufacturing procedures 
to the 3D printed bone implants industry. Consequently, these robust procedures can be translated into 
quality improvement and reduced failure rates. Moreover, this adaptation of QbD will help industry to 
optimize resources and accelerate product development time frames for 3D printed bone implants. 

We will be happy to answer any questions you have about the study. If you are willing to participate please 
contact me at my e-mail address or my faculty advisor. 

Yours sincerely, 

Lead researcher Daniel Martinez 

Griffith School of Engineering 

Dr Christopher Carty 

Children's Health Queensland 
Hospital and Health Service 

Associated Professor Rodney A. 
Stewart 

Griffith School of Engineering
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Appendix D-2. Research Consent Form 

Project leader: Daniel Martinez  
Supervisor: Associate Professor. Rodney Stewart     
Institution: Griffith School of Engineering 
Project Title: Adaptation of Quality by Design for the Development of Custom 3D 
Printed bone Prostheses and Scaffolds 

I have been given information about the research project (GU Ref No: 2017/217)  entitled 
adaptation of quality by design for the development of custom 3D printed bone 
prostheses and scaffolds by Daniel Martinez who is conducting this research as part 
of his PhD project at Griffith University. I understand that, if I consent to participate in this 
project, I will be asked to answer questions and provide comments related to your current 
knowledge and expertise related to a process or activity of the design and fabrication of 
custom 3D printed bone prostheses.  

I understand that the information I may provide will be considered confidential and 
anonymous. The summary of results may be used for the project leader to validate the 
adaptation of the Quality by Design approach and to perform a risk assessment analysis 
of custom 3D printed bone prostheses and scaffolds. The information will be provided 
through a semi-structured interview. I understand that the research may include audio 
recording of my participation. This information will be used in this research as well as 
associated publications, such as conference presentations, reports and journals.  

I understand that my participation in this research is voluntary, I am free to refuse to 
participate and I am free to withdraw from the research at any time. My refusal to 
participate or withdrawal of consent will not affect my relationship with Griffith University. 
If I have any enquiries about the research, I can contact Daniel Martinez (on 04 5558 
7300) and A/Prof. Rodney Steward (on 7 5552 8778). If I have any concerns or 
complaints regarding the way the research is or has been conducted, I can contact the 
Manager, Research Ethics to 07 3735 4375 or research-ethics@griffith.edu.au. 

By signing below, I am indicating my consent to participate in the above-mentioned 
research as it has been described to me in the information sheet and in discussion with 
Daniel Martinez. 

Signed ....................................................................... 

Name (please print) ....................................................................... 

Date……………………………………………….. 

Please also indicate whether you consent that the interview be tape recorded or not: 

□ I consent that the interview be tape recorded.

□ I DO NOT consent that the interview be tape recorded.

□ Not Applicable.

mailto:research-ethics@griffith.edu.au
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Appendix D-3. Participation Information Sheet 

The purpose of this study (GU Ref No: 2017/217) is to develop a robust new design framework for the 
development of custom 3D printed bone implants and scaffolds, through the adaption of the Quality by 
Design (QbD) approach, and using quality risk management tools. Such adaptation of the QbD approach 
should facilitate product understanding to support innovation and efficiency reducing of costs and waste, to 
help industry and research to optimize resources and accelerate product development time frames. This 
research is part of a PhD dissertation conducted in the School of Engineering at Griffith University. 

This research project involves a face to face semi-structure interview that can take place at your 
convenience. The length of the interview is approximately 45 min. The questions in the interview are 
designed to evaluate through your opinion and expertise previous results obtained in this research in relation 
to the design and fabrication of 3D printed bone implants. 

The benefit of this research is that will provide a foundation for future studies to continue the adaption of the 
QbD approach for 3D printed bone implants. Therefore, our study offers the opportunity to refine and validate 
the concepts and constructs that emerged from it. Moreover, this early adaptation of the QbD approach can 
be used to assist and guide the early planning of the design, and prototyping phases of any custom 3D 
printed bone implant in order to optimize research activities and resources, while controlling risks, improving 
quality and reducing costs. Furthermore, the QbD approach can provide well-established design and 
manufacturing procedures to the 3D printed bone implants industry. Consequently, these robust procedures 
can be translated into quality improvement and reduced failure rates. Moreover, this adaptation of QbD will 
help industry to optimize resources and accelerate product development time frames for 3D printed bone 
implants. 

In relation to the potential risks associated with the project, there are no foreseeable risks associated with 
participation in this research. 

Your responses to any questions will be kept confidential and no documents will be published without your 
permission. Each interview, and questionnaire will be assigned a number code to help ensure that personal 
identifiers are not revealed during the analysis and write up of findings. Also, any sensitive information will 
be keep confidential. All audio recordings will be erased after transcription. However, other research data 
(interview transcripts, questionnaire responses and analysis) will be retained in a locked cabinet and/or a 
password protected electronic file at Griffith University for a period of five years before being destroyed. The 
summary of results will be send via email at the end of the study. 

We will be happy to answer any questions you have about the study please contact me at my e-mail address 
or my faculty advisor. If I have any concerns or complaints regarding the way the research is or has been 
conducted, I can contact the Manager, Research Ethics to 07 3735 4375 or research-ethics@griffith.edu.au. 
The conduct of this research involves the collection, access and/ or use of your identified personal 
information. The information collected is confidential and will not be disclosed to third parties without your 
consent, except to meet government, legal or other regulatory authority requirements.   A de-identified copy 
of this data may be used for other research purposes.   However, your anonymity will at all times be 
safeguarded.  For further information consult the University’s Privacy Plan at 
http://www.griffith.edu.au/about-griffith/plans-publications/griffith-university-privacy-plan or telephone (07) 
3735 4375. 

Yours sincerely, 

Lead researcher Daniel Martinez 

Griffith School of Engineering 

Dr Christopher Carty 

Children's Health Queensland 
Hospital and Health Service 

Associated Professor Rodney A. 
Stewart 

Griffith School of Engineering 

mailto:research-ethics@griffith.edu.au
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APPENDIX E 

QBD Study Descriptive Statistics Dataset 

Follow the link: https://doi.org/10.1371/journal.pone.0195291.s004 

https://doi.org/10.1371/journal.pone.0195291.s004
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APPENDIX F 

Systematic Search Dataset 

Follow the link: https://doi.org/10.1371/journal.pone.0195291.s005 

https://doi.org/10.1371/journal.pone.0195291.s005
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APPENDIX G 

FMECA Questionnaire 

Table 1. Image acquisition and processing. 

Le
ve

l 1
 

Level 2 Level 3 

1.
 M

et
h

o
d 

1. CT protocol 

Cod
e 

Failure mode Effect 
Severit
y 

Occurrenc
e 

Detectio
n 

Corrective 
action 

Preventive 
action 

1.1.1 

Difficulty to 
implement CT 
protocol. Use 
of wrong CT 
parameters 

• Model
dimension 
distortion

1.1.2 

Slice 
increment is 
too large or 
the slice 
thickness is 
too big 

• Stair step 
effect

• Rough
dissolved 
surface

• Fail to capture
thin bone
(mainly in 
facial
structures 
such as orbital
walls)

• Smooths out 
sharp corners 
greatly
affecting the
accuracy of 
sharp vertices 
or acute
edges.

Repeat CT 
scan, with 
different a 
protocol, and 
repeat 
building 
process 

Take the same 
value for slice 
thickness and 
slice 
increment. 

Thinner CT 
slices. 
However, this 
increase the 
risk of 
radiation 
exposure. 

1.1.3 

Small radiation 
dose 
compared to 
slice thickness 

• Noise in 
images leads
to wrong 3D 
reconstructio
n 

Reconstruction 
filter (kernel) 
in the CT has 
to be used for 
smoothing. 

• 

2. Image 
acquisition 
(CT and MRI) 

1.2.1 
Wrong gantry 
tilt 

• Distortion of
3D volumetric
reconstructio
n 

Use of 
algorithms 
and 
specialized 
software to 
correct the 
data 

Follow the CT 
protocol of 
each patient. 
Take into 
account granty 
tilt used in the 
3D 
reconstruction  

1.2.2 

Patient 
involuntary 
movement 
during CT scan 

• Discrepancies 
in CT images 

• Distortion of
3D volumetric
reconstructio
n 

Comfortable 
patient 
positioning 

1.2.3 
Metallic 
artefacts 

• Distortion of
3D volumetric
reconstructio
n 

To clean 
model 
artefacts, 
they have to 
be removed 
by editing 
the CT 
images slice 
by slice. 

Remove 
metallic 
artefacts from 
the patient 
before the CT 
scan process 
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1.2.4 
Compressed 
file or wrong 
file format 

• Discrepancies 
in CT images 

• Low quality
image
resolution

Do not 
compress files 
and use the 
correct file 
format 

1.2.5 
Patient with 
Claustrophobi
a 

• Difficulty to 
capture image

1.2.6 
Patient too big 
or overweight 

• Difficulty to 
capture an 
accurate
image

1.2.7 

Wrong 
position 
during image 
taking 

• Can affect soft 
tissue
distribution

3. Image 
segmentation 

1.3.1 

Incorrect 
thresholding 
or algorithm 
processing 

• Fail to capture
thin bone
(mainly in 
facial
structures 
such as orbital
walls) 

• Larger or 
smaller 
models due to 
wrong 
boundaries

• Noise in 3D
volumetric
reconstructio
n 

• Dimensional
variations in 
the model

Repeat 
thresholding 
process. 
Repeat the 
segmentatio
n process. 

Identify the 
correct 
threshold 
values of the 
area of 
interest. 
Change 
threshold 
values. 
Use raw CT 
data with soft 
tissue 
algorithm. 
Use more 
robust 
segmentation 
techniques 
(algorithms).  
Perform both 
automatic and 
manual 
segmentation. 
Compare the 
3D model with 
the original 
unprocessed 
DICOM data at 
every step to 
ensure it 
remains a true 
anatomical 
representation
. 
Find the 
optimal 
threshold 
value by 
experiments 
and 
experience. 

1.3.2 

Too many 

pixels for 

image 

smoothing  

• 

4. 3D 
volumetric 
reconstructio
n 

1.4.1 
Incorrect mesh 
generation 

• Dimensional
variations in 
the model

• Noise in 3D
volumetric
reconstructio
n 

• Loss of data 

• Fail to capture
thin bone

Refine mesh 
with smaller 
elements. 
Compare the 
3D model with 
the original 
unprocessed 
DICOM data at 
every step to 
ensure it 
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remains a true 
anatomical 
representation
. 
Use variable-
density 
triangular 
meshes (adapt 
the resolution 
of triangles 
according to 
the local 
curvature) 

1.4.2 
Incorrect mesh 
optimization 
or refinement 

• Poor and 
rough surface
quality

1.4.3 Software used 

• Dimensional
variations in 
the model

• Noise in 3D
volumetric
reconstructio
n 

• Loss of data

• Fail to capture
thin bone

1.4.4 
Conversion 
from DICOM 
to STL. 

• Dimensional
variations in 
the model

• Noise in 3D
volumetric
reconstructio
n 

• Loss of data 

• Fail to capture
thin bone

Table 2. Implant design and simulation. 

Le
ve

l 1
 

Level 2 Level 3 

1
. M

et
h

o
d

 

Code Failure mode Effect Severity Occurrence Detection Corrective 
action  

Preventive 
action 

5. Design 1.5.1 Software: file 
conversion 
between STL 
and CAD 

• Loss of part 
details such 
as thin bone
of the orbital
wall, due to 
incomplete
data transfer 
during file
conversion

• Loss of thin 
bone

• Floating 
regions

1.5.2 Wrong freeform 
approximation 

• Stair step 
effect

Optimization 
of the STL 
model 

1.5.3 Wrong 
implant/scaffold 
design 

• Inclusions of
particles 
inside closed 
cavities 

Place holes 
for particle 
removal 

1.5.4 Wrong design 
(surface and 
unit cell) 

• Wrong 
implant 
mechanical
properties for 
soft-hard 
tissue contact 
adaptation 
(modulus of
elasticity)

Implant 
surfaces 
roughness 
and modulus 
of elasticity 
should adapt 
to 
surrounding 
tissue 

1.5.5 Close tolerances • Wrong 
tolerances of
the fabricated 

Build 
several 
prototypes 

Have 
different 
machine 
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part due to 
tolerances 
being 
geometry 
dependent 

measure it 
and change 
machine 
parameters 
to 
compensate 

configuration 
according to 
experience 

1.5.6 Wrong scaffold 
pore design 
(unit cell), such 
as size, shape, 
and 
interconnection  

• Insufficient 
cell density 
and bone 
regeneration 

     

1.5.7 Insufficient 
support 
structures 

• Part or 
surface 
damage 

     

1.5.8 Wrong 
tolerances 

• Fusion of 
trapped 
particles 

    Improve 
modelling  

1.5.9 Incorrect 
material or 
design 
parameters  

• Part shrinkage 
and distortion  

    Select the 
correct 
material or 
include the 
shrinkage % 
in the design 

1.5.10 Incorrect part 
orientation for 
fabrication 

• Stair step 
effect 

• Undesired 
surface 
quality 

• Orthotropic 
or transvers 
isotropic 
mechanical 
behaviour 

• Dimensional 
inaccuracy 

• Bad surface 
quality 

• Risk of 
warping 

• Can increase 
fabrication 
time 

• Leads to 
dimensional 
inaccuracies 
due to post 
machining 

• Time 
consuming 
machining. 

• Dimensional 
inaccuracies 
due to post 
machining 

    Surface 
quality can 
be improved 
by orienting 
the model to 
have certain 
angles 
parallel to 
the building 
direction.  
Define the 
appropriate 
fabrication 
orientation 
according to 
desired 
properties 

6. 
Simulation 
and FEA 

1.6.1 Discrepancies 
between 
computational 
simulation and 
experimental 
data, due to 
inaccurate  
micro precision 
in fabrication  

• Inaccurate 
mechanical 
and biological 
properties as 
well as fluid 
dynamics 

     

1.6.2 Errors in joint 
kinematics 
estimation  

• May affect 
estimation of 
loads for 
further 
computations. 

     

1.6.3 Inaccurate 
estimation of 
bone contact 
forces   

• Implant 
failure 

     

1.6.4 Inaccurate 
estimation of 
bone/implant 
contact forces   

• Inaccurate 
estimation of 
micro-motion 
and stability 
between 
bone and 
implant 

     

1.6.5 Incorrect FEA 
parameters 

• Wrong design      
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• Wrong design 
optimization

• Wrong 
implant 
prediction of 
mechanical
behaviour

1.6.6 Errors in 
kinetics  

estimation 

• May affect 
estimation of 
loads for 
further 
computations.

1.6.7 Errors in 
estimation of 
muscle forces 

• May affect 
estimation of 
loads for 
further 
computations.

Table 3. Fabrication, finishing, material processing and handling. 

Le
ve

l 1
 

Level 2 Level 3 

1.
 M

et
h

o
d 

Code Failure mode Effect 
Severit
y 

Occurrenc
e 

Detectio
n 

Corrective 
action  

Preventive 
action 

7.  
Fabricatio
n 

1.7.1 

Inaccurate 
fabrication of 
micro-features 
such as pore size 
and shape  

• Reduced 
biological and 
mechanical
performance

• Defective
product

Repeat 
fabrication 
with 
different 
design 
tolerances 

Test 
machine’s 
macro and 
micro 
accuracy  

1.7.2 
Localised material 
heating and 
cooling. 

• Thermal warping 
or dimensional
distortion

• Residual stress

• Material 
microstructure
variation

Heat 
treatment 
Ultrasonic 
impact 
treatment 

Optimizing 
the process 
parameters 
like laser 
power, 
scanning 
speed, 
scanning 
spacing, bed 
temperature 

1.7.3 
Material 
contamination 

• Defective
product due to 
impurities higher 
than max limits

Repeat 
manufacturi
ng process 

Follow 
manufacturin
g techniques 
to comply 
with medical 
materials 
requirements 
such as 
chemical, 
mechanical, 
eg ASTM 
F136 for 
titanium 
alloys 

1.7.4 
Part overhanging 
features 

• Undesirable
defects

1.7.5 
Residual 
polymerization 

• Inaccurate parts

1.7.6 
Fabrication layer 
thickness. 

• Stair step effect 
in Z direction

• Material density

• Surface
roughness 

Adjust the 3D 
printer 
machine 
settings to 
minimise 
building layer 
thickness. 
Optimise STL 
file with finer 
triangle 
surfaces 

1.7.7 
Large scanning 
spacing or hatch 
spacing 

• Stair step effect 
in X and Y
directions, 
leading to 

Adjusting the 
3D printer 
machine 
settings and 



Appendix G 

 

314 | P a g e  

 

dimensional 
inaccuracy  

• Insufficient 
bonding 
between scan 
tracks 

• Poor mechanical 
properties 

improve the 
slicing 
algorithm. 
Optimise STL 
file with finer 
triangle 
surfaces 

1.7.8 
Low scanning 
spacing or hatch 
spacing 

• Slowdown the 
fabrication 
process 

• Increases 
amount of 
energy require 

• Increases 
fabrication cost 

    

Optimize the 
3D printer 
machine 
settings and 
improve the 
slicing 
algorithm. 
 

1.7.9 Laser diameter 
• Omission of part 

fine details 
    

Set the 
correct laser 
parameters 

1.7.1
0 

High laser 
temperature 

• Part shrinkage  

• Fusion of 
surrounding 
particles  

• Over-curing or 
over-sintering 

    
Set the 
correct laser 
parameters 

1.7.1
1 

Low laser 
temperature 

• Slow fabrication 
process 

• Increases 
fabrication cost 

    
Set the 
correct laser 
parameters 

1.7.1
2 

Powder bed 
temperature  

• Variation on part 
density and 
mechanical 
properties 

• Age hardening of 
material 

    

Controlled 
and higher 
bed 
temperature 
will improve 
part density 

1.713 
Material thermal 
and phase change 
effects 

• Part shrinkage     

Can be 
compensated 
enlarging the 
CAD model 
with a fixed 
compensatio
n factor 

1.7.1
4 

Incorrect cooling 
cycle 

• Thermal warping  

• Changes in 
colour  

• Variation in 
material 
microstructure. 

• Damage of 
unsintered 
powder 

     

1.7.1
5 

Part exposition to 
atmosphere when 
still at high 
temperature 

• Changes in 
colour 

     

1.7.1
6 

Different 
professional 
terminologies  

• Defective 
product  

• Misinterpretatio
n of different 
terminologies 
from the 
different fields 
involved. 

     

1.7.1
7 

Process 
documentation 
and expression of 
documents 

• Defective 
product.  

• Inaccurate  
product 
definition 

• Inefficient 
workflow 

• Miscommunicati
on and difficulty 
to understand 
different 
terminologies 
from the 
different fields 
involved 

     

1.7.1
8 

Communication 
method 
(technology used) 

• Defective 
product  

    
Develop an 
appropriate 
process 
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• Inefficient 
workflow

• Inappropriate
interpretation of 
the transferred 
knowledge

documentati
on and also 
an 
appropriate 
expression of 
the 
documents 
will lead to a 
correct 
interpretatio
n of the 
transferred 
knowledge 

1.7.1
9 

Difficulty to 
monitor fabrication 
process 

• Can leads to 
reduced quality

• Process 
inconsistency

• Unreliability

1.7.2
0 

Inaccurate/inefficie
nt material 
recycling method 

• In powdered 
materials this 
can lead to 
larger particle
size, 
contamination, 
and oxidation.

8. 
Finishing 

1.8.1 
Removal of 
supporting 
structures 

• Part damage

• Lead to surface
roughness 
where support 
structures were
allocated

Surface 
cleaning 
using light 
abrasive 
techniques. 
Design 
support 
structures 
with a small 
contact area 
to the part. 

1.8.2 
Part cleaning (Sand 
blasting) 

• Part damage
(changes in part 
dimensions)

• Inclusions of
particles in
porous 
structures 
(biological
contamination)

Ultrasonic 
cleaning 

4.
 M

at
er

ia
ls

 

4.1 
Material stored 
under sun light and 
humid places 

• Damage material 
and 
contamination

• Distinct 
mechanical
properties 

Store 
materials in a 
dark and dry 
place 

4.2 Expired material 

• Inconsistent 
mechanical
properties 

• Inconsistent 
printing quality

4.3 
Wrong material 
mix (% of virgin 
and % of recycled) 

• Inconsistent 
mechanical
properties

4.4 
Wrong powder 
particle size 

• Incorrect particle
bonding,

• Weaken part 
areas.

• Incorrect 
powder material 
flowability

• Decreases
fabrication 
resolution

Sieve the 
powder 
particles to 
the ideal size 

4.5 
Wrong material 
characteristics and 
contamination 

• Inconsistent 
mechanical
properties, not 
compliance with 
regulations

4.6 
Wrong material 
selection 

• Reduced implant 
biocompatibility

• Reduced life
span

4.7 
Material reuse 
times  

• Can lead to
contamination 
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• Increment in 
oxygen content,

• Less spherical
and rougher 
powder particles 

• Increase in 
powder 
flowability, 
Inconsistent 
mechanical
properties

Table 4. 3D printer Machine. 

Le
ve

l 1
 Level 

2 
Level 3 

2
. M

ac
h

in
e 

2
. M

ac
h

in
e 

Code Failure mode Effect Severity Occurrence Detection 
Corrective 
action  

Preventive 
action 

2.1 
Building speed 
variation 

• Inaccurate part 
dimensions

• Defective part 

• Higher cooling 
rates

• Higher 
material 
porosity

Machine 
maintenance 
and calibration 

2.2 
Misalignment 
of positioning 
system 

• Inaccurate part 
dimensions

• Defective part

Machine 
maintenance 
and calibration 

2.3 

Part 
movement 
during 
fabrication 

• Inaccurate part 
dimensions

• Defective part

Monitor 
fabrication 
process 

2.4 
Clogged print 
head or Nuzzle  

• Damaged or 
defective part

Correct  print 
head cleaning  

2.5 
Worn coater 
blade 

• Low surface
quality

Regular 
machine 
maintenance 

2.6 
Short of feed 
powder 

• Low surface
quality

Maintain the 
machine 
material 
storage full 

2.7 Laser failure 

• Internal
defects 

• Undesirable
porosities

Regular 
machine 
maintenance. 

Part quality 
control with 
industrial CT 
scanner 

2.8 

Random errors 
in parts made 
by the same 
process, using 
the same 
material and 
parameters 

• No identical
implants

Regular 
machine 
maintenance. 

2.9 

Localised 
material 
heating and 
cooling 

• Thermal
warping 

• Dimensional
distortion

• Residual stress

• Material phase
change effects

2.10 
Machine 
maintenance 

• Equipment 
failure

• Inefficiency

2.11 
Machine 
calibration 

• Dimensional
inaccuracies 

• Low quality
parts

2.12 
Machine  
parameters 

• Dimensional
accuracy
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• Low quality
parts

• Unreliable
mechanical
properties 

2.13 

Difficulty to 
monitor 
fabrication 
process 

• Can leads to 
reduced 
quality

• Process 
inconsistency

• Unreliability

Table 5. Sterilisation. 

Le
ve

l 1
 

Level 2 Level 3 

1 
M

et
h

o
d 

Code 
Failure 
mode 

Effect Severity Occurrence Detection 
Corrective 
action  

Preventive 
action 

11. 
Sterilization 

1.11.1 

Wrong 
selection of 
sterilization 
method 

• Implant 
dimensional
changes

• Alteration of 
surface
chemistry and 
morphology

Select the 
correct 
sterilization 
process 
according to 
the implant 
material 

1.11.2 
Inefficient 
sterilization 

• Biological
hazard, such 
as viral and
microbial
transmission

• Leads to
revision 
surgery

Table 6. Surface coating/modification. 

Le
ve

l 1
 

Level 2 Level 3 

1
. M

et
h

o
d

 

Code Failure mode Effect Severity Occurrence Detection 
Corrective 
action 

Preventive 
action 

9. Surface 
topography 
modification 

1.9.1 

Surface 
topography 
modification 
parameters. 

• Wrong 
biological
performance

• Biofilm 
formation

1.9.2 

Selection of 
surface 
topography 
modification 
method. 

• Different
biological
performance

• Biofilm 
formation

Table 7. Personnel. 

Le
ve

l 1
 Level 

2 
Level 3 

3
. P

er
so

n
ne

l 

Code Failure mode Effect Severity Occurrence Detection 
Corrective 
action  

Preventive 
action 

3.1 

Poor 
communication 
between  design 
team and surgeon 

• Inaccurate
product
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• Difficulty to 
predict surgery
risks and results

3.2 
Misinterpretation 
of the transferred 
knowledge 

• Defective
product

• Inefficient 
workflow

• Inaccurate
product
definition

3.3 

Availability of high 
qualified personal 
in the necessary 
professional skills 

• Can lead to low
performance

• Difficulties in 
product
development 

3.4 Material Suppliers 
• Low material 

quality

3.5 
Fabrication/design 
suppliers 

• Low quality

3.6 
Deficient personnel 
traits and training  

• High chances of 
mistakes during 
design and
fabrication 
processes, 
leading to low
quality
products

3.7 

Lack of training and 
experience due to 
introduction of new 
technologies and 
surgical methods 
(medical doctor) 

• Inaccurate use
of implant 

• Higher surgery
risk

3.8 

Low stakeholders 
involvement during 
the product 
development and 
design process 

• Incorrect 
product
characteristics

3.9 

Limited knowledge 
of patient’s current 
health condition an 
biological 
characteristics  

• Poor 
preoperative
planning

• Iatrogenic
trauma

• Concomitant
injuries and 
illnesses

• Longer 
operation time

• Increment of 
revision 
surgeries 

• Higher infection 
rate

• Decreased of 
bone healing 
rate

Table 8. Implant validation. 

Le
ve

l 1
 

Level 2 Level 3 

1
. M

et
h

o
d 

Code Failure mode Effect Severity Occurrence Detection 
Corrective 
action  

Preventive 
action 

10. Implant 
dimensional 
validation 

1.10.1 

Difficulty 
locating land 
marks to 
measure the 
model. 

• Wrong 
measurement 
of model

1.10.2 
Human error 
during 
measurement 

• Wrong 
measurement 
of model

1.10.3 
Dimensional 
validation 
method 

• Wrong 
measurement 
of model



Appendix H 

319 | P a g e

APPENDIX H 

FMECA of additively manufactured patient-specific 

implants 

Table 1. Summary of the total RPN scores of the different sub-processes and areas 

of the FMECA of additively manufactured patient-specific implants. 

Sub-process Total RPN RI % 

Materials 3106.00 18.82 

Fabrication 2390.00 14.48 

Machine general 2069.88 12.54 

EBM Machine 1616.00 9.79 

Finishing 1481.00 8.98 

Design 1233.25 7.47 

Simulation and FEA 1172.05 7.10 

CT and MRI protocol 538.17 3.30 

Surface coating 440.00 2.67 

Personnel 395.00 2.39 

Volumetric reconstruction 371.36 2.25 

Machine Laser 362.50 2.20 

Sterilization 309.75 1.88 

Image acquisition 272.90 1.65 

Marking and packaging 248.38 1.51 

Image segmentation 184.44 1.12 

Implant dimensional validation 101.00 0.61 

Table 1. FMECA of additively manufactured patient-specific implants. 

Code Failure mode Effect D S O RPN 

1
.M

e
th

o
d

s 

1
. C

T 
an

d
 M

R
I 

p
ro

to
co

l 

1.1.1 
Difficulty to implement CT protocol. 
Use of wrong CT parameters. 

Model dimension distortion. 

Reduced accuracy of 3D reconstruction. 
4.0 7.0 4.0 112.0 
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1.1.2 
Slice increment is too large, or the 
slice thickness is too big. 

Stair step effect. 

Rough dissolved surface 
Fail to capture thin bone (mainly in facial structures 
such as orbital walls). 

Smooths out sharp corners greatly affecting the 
accuracy of sharp vertices or acute edges. 

Compromised fitting of the device. 

3.0 7.0 5.0 105.0 

1.1.3 
Small radiation dose compared to 
slice thickness. 

Noise in images leads to wrong 3D reconstruction. 3.0 6.0 5.0 90.0 

1.1.4 MRI image: large pixel size.  Low image resolution. 2.0 7.0 7.0 98.0 

1.1.5 
Patient been scanned with different 
MRI machines. 

 Distortion of 3D volumetric reconstruction. 5.0 6.0 5.0 150.0 

2
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1.2.1 Wrong gantry tilt. Distortion of 3D volumetric reconstruction. 3.0 5.0 3.0 45.0 

1.2.2 
Patient involuntary movement 
during CT scan. 

Discrepancies in CT images. 

Distortion of 3D volumetric reconstruction. 
2.0 8.0 5.0 80.0 

1.2.3 Metallic artefacts. 

Distortion of 3D volumetric reconstruction. 

Reduced accuracy of 3D reconstruction. 

Compromised fitting of the device. 

1.0 9.0 5.0 45.0 

1.2.4 
Compressed file or wrong file 
format. 

Discrepancies in CT images. 

Low quality image resolution. 

Reduced accuracy of 3D reconstruction. 

2.0 5.0 2.0 20.0 

1.2.5 Patient with Claustrophobia. Difficulty to capture image. 1.0 6.0 2.0 12.0 
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1.2.6 Patient too big or overweight. Difficulty to capture an accurate image. 1.0 6.0 3.0 18.0 

1.2.7 Wrong position during image taking. 

Can affect soft tissue distribution. 

Can affect planning accuracy of bilateral cases 
(mirroring function). 

2.0 6.0 5.0 60.0 

3
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1.3.1 
Incorrect thresholding or algorithm 
processing 

Fail to capture thin bone (mainly in facial structures 
such as orbital walls). 

Larger or smaller models due to wrong boundaries. 

Noise in 3D volumetric reconstruction. 

Dimensional variations in the model. 

5.0 7.0 4.0 140.0 

1.3.2 
(MIR Image) Too many pixels for 
smoothing during filtering of 
images. 

Too many pixels for smoothing during Filtering of 
images. 

3.0 5.0 4.0 60.0 

4
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1.4.1 Incorrect mesh generation. 

Dimensional variations in the model. 

Noise in 3D volumetric reconstruction. 

Loss of data.  

Fail to capture thin bone. 

4.0 7.0 4.0 112.0 

1.4.2 
Incorrect mesh optimization or 
refinement 

Poor and rough surface quality. 5.0 5.0 4.0 100.0 

1.4.3 Software used 

Dimensional variations in the model. 

Noise in 3D volumetric reconstruction. 

Loss of data. 

Fail to capture thin bone. 

5.0 6.0 4.0 120.0 
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1.4.4  Conversion from DICOM to STL. 

Dimensional variations in the model. 

Noise in 3D volumetric reconstruction. 

Loss of data. 

Fail to capture thin bone. 

5.0 5.0 3.0 75.0 

5
. D

e
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1.5.1 
Software: file conversion between 
STL and CAD 

Loss of part details such as thin bone of the orbital 
wall, due to incomplete data transfer during file 
conversion. 

Loss of thin bone. 

Floating regions. 

3.0 7.0 5.0 105.0 

1.5.2 Wrong freeform approximation. Stair step effect. 2.0 8.0 3.0 48.0 

1.5.3 Wrong implant/scaffold design Inclusions of particles inside closed cavities. 3.0 6.0 3.0 54.0 

1.5.4 
Wrong design (surface and unit 
cell). 

Wrong implant mechanical properties for soft-hard 
tissue contact adaptation (modulus of elasticity). 

8.0 8.0 4.0 256.0 

1.5.5 Close tolerances. 
Wrong tolerances of the fabricated part due to 
tolerances being geometry dependent. 

1.0 8.0 4.0 32.0 

1.5.6  
Wrong scaffold pore design (unit 
cell), such as size, shape, and 
interconnection  

Insufficient cell density and bone regeneration. 5.0 6.0 3.0 90.0 



Appendix H 

323 | P a g e

1.5.7 Insufficient support structures Part or surface damage 2.0 10.0 4.0 80.0 

1.5.8 Wrong tolerances Fusion of trapped particles 5.0 10.0 2.0 100.0 

1.5.9 
Incorrect material or design 
parameters  

Part shrinkage and distortion  3.0 10.0 2.5 75.0 

1.5.10 
Incorrect part orientation for 
fabrication 

Stair step effect 

Undesired surface quality 

Orthotropic or transvers isotropic mechanical 
behaviour 

Dimensional inaccuracy 

Bad surface quality 

Risk of warping 

Can increase fabrication time 

Leads to dimensional inaccuracies due to post 
machining 

Time consuming machining 

Dimensional inaccuracies due to post machining 

2.0 8.0 4.0 64.0 

1.5.11 
Coincident parts during build file 
preparation 

Dimensional inaccuracies 

Part surface/geometry damage  

Leads to dimensional inaccuracies 

Leads to bad surface quality   Negative influence of 
component properties due to second melting 
(different microstructure) 

5.0 9.0 2.0 90.0 

1.5.12 
Missing check after tessellation and 
STL-reduction during build file 
preparation 

Dimensional inaccuracies. 

Geometrical/Dimensional deviation of parts. 

Missing features. 

3.0 9.0 6.0 162.0 

1.5.13 
Distance between parts smaller 
than 2 mm during build file 
preparation 

Dimensional inaccuracies. 

Errors in printing process. 

Geometrical/Dimensional deviation of parts. 

Influence of component properties (microstructure). 

3.0 9.0 3.0 81.0 

1.5.14 
Distance to start plate too small 
during build file preparation. 

Errors in printing process. 

Negative influence of component properties due to 
porosity in first layers. 

2.0 9.0 2.0 36.0 
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1.5.15 
Relative displacement (Net 
structure - Solid) during build file 
preparation 

Possibility of losing connection between solid and 
Net structure 

2.0 10.0 3.0 60.0 

1.5.16 
Turning after scaling during build 
file preparation 

Dimensional inaccuracies. 

Errors in printing process. 
1.5 8.5 2.0 25.5 

1.5.17 
Setting the wrong density value for 
calculation during generation of 
lattice/trabecular structure 

Influence of component properties due to wrong 
net-structure specifications. 

2.0 10.0 3.0 60.0 

1.5.18 
Multiple scaling during scaling of 
parts 

Dimensional deviation of parts 1.5 7.0 2.0 21.0 
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1.6.1 

Discrepancies between 
computational simulation and 
experimental data, due to 
inaccurate micro precision in 
fabrication. 

Inaccurate mechanical and biological properties as 
well as fluid dynamics. 

3.0 6.0 5.0 90.0 

1.6.2 
Errors in joint kinematics 
estimation.  

May affect estimation of loads for further 
computations. 

5.0 7.0 3.0 105.0 

1.6.3 
Inaccurate estimation of bone 
contact forces. 

Implant failure. 5.0 8.0 6.0 240.0 
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1.6.4 
Inaccurate estimation of 
bone/implant contact forces.   

Inaccurate estimation of micro-motion and stability 
between bone and implant. 

6.0 8.0 4.8 228.0 

1.6.5 Incorrect FEA parameters. 

Wrong design. 

Wrong design optimization. 

Wrong implant prediction of mechanical behaviour. 

5.0 8.0 5.0 200.0 

1.6.6 Errors in kinetics estimation 
May affect estimation of loads for further 
computations. 

5.0 8.0 4.0 160.0 

1.6.7 Estimation of muscle forces 
May affect estimation of loads for further 
computations. 

6.0 7.0 4.0 168.0 

7
. F
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1.7.1 
Inaccurate fabrication of micro-

features such as pore size and shape.   

Reduced biological and mechanical performance. 

Defective product. 
1.0 3.0 4.0 12.0 
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1.7.2 
Material contamination during 

fabrication 

Defective product due to impurities higher than max 

limits. 
1.0 9.0 7.0 63.0 

1.7.3 Part overhanging features. Undesirable defects. 1.0 7.0 3.0 21.0 

1.7.4 Fabrication layer thickness. 

Stair step effect in Z direction. 

Material density. 

Surface roughness.  

1.0 8.0 2.0 16.0 

1.7.5 
Large scanning spacing or hatch 

spacing. 

Stair step effect in X and Y directions, leading to 

dimensional inaccuracy. 

Insufficient bonding between scan tracks. 

Poor mechanical properties. 

3.0 7.0 1.0 21.0 

1.7.6 
Low scanning spacing or hatch 

spacing. 

Slowdown the fabrication process. 

Increases amount of energy require. 

Increases fabrication cost. 

3.0 7.0 1.0 21.0 

1.7.7 Powder bed temperature. 
Variation on part density and mechanical properties. 

Age hardening of material. 
5.0 10.0 2.0 100.0 

1.7.8 Thermal and phase change effects. Part shrinkage. 10.0 10.0 10.0 1000.0 

1.7.9 Incorrect cooling cycle. 

Thermal warping. 

Changes in colour. 

Variation in material microstructure. 

Damage of unsintered powder. 

1.0 10.0 10.0 100.0 

1.7.10 
Part exposition to atmosphere when 

still at high temperature. 
Changes in colour. 1.0 10.0 10.0 100.0 

1.7.11 Different professional terminologies. 

Defective product. 

Misinterpretation of different terminologies from the 

different fields involved. 

3.0 5.0 8.0 120.0 

1.7.12 
Process documentation and 
expression of documents. 

Defective product. 

Inaccurate product definition. 

Inefficient workflow. 

Miscommunication and difficulty to understand 

different terminologies from the different fields 

involved. 

3.0 10.0 10.0 300.0 

1.7.13 
Communication method (technology 

used). 

Defective product. 

Inefficient workflow. 

Inappropriate interpretation of the transferred 

knowledge. 

3.0 9.0 2.0 54.0 
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1.7.14 
Difficulty to monitor fabrication 

process. 

Can leads to reduced quality. 

Process inconsistency. 

Unreliability. 

4.0 9.0 3.0 108.0 

1.7.15 
Inaccurate/inefficient material 

recycling method. 

In powdered materials this can lead to larger particle 

size, contamination, and oxidation. 
3.0 9.0 2.0 54.0 

1.7.16 
Open the chamber door at higher 

temperatures (higher than 80°C). 

Negative influence of component properties due to 

non-compliant powder properties (oxygen pick up at 

elevated temperature). 

1.0 10.0 7.0 70.0 
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1.8.1 Removal of supporting structures. 

Part damage. 

Lead to surface roughness where support structures 
were allocated. 

1.0 10.0 9.0 90.0 

1.8.2 Sand blasting. 
 
Inclusions of particles in porous structures (biological 
contamination) Geometrical deviation of parts. 
 

10.0 7.0 5.0 350.0 

1.8.3 
destroyed small features during 
blasting. 

Geometrical deviation of parts. 2.0 10.0 3.0 60.0 

1.8.4 
Holes in the gloves in blasting 
procedure. 

Contamination of AM powder. 

Negative influence of component properties due to 
contamination (e.g. humidity). 

3.0 9.0 3.0 81.0 

1.8.5 
Cross-contamination during blasting 
due to different materials used. 

Negative influence of component properties due to 

contamination (e.g. unwanted interstitials). 
10.0 10.0 9.0 900.0 
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1.9.1 
Surface topography modification 
parameters. 

Wrong biological performance. 

Biofilm formation. 
3.0 10.0 2.0 60.0 
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1.9.2 
Selection of surface topography 
modification method. 

Different biological performance. 

Biofilm formation. 
5.0 5.0 2.0 50.0 

1.9.3 wrong surface roughness. 
Lower biological performance. 

Potential incompatibility with adjacent tissues. 
3.0 10.0 2.0 60.0 

1.9.4 Cracking and peeling. 
Biological threat to patient. 

Potential implant loosening and failure. 
8.0 10.0 3.0 240.0 

1.9.5 
Scratches in coating due to wrong 
handling. 

Biological threat to patient. 

Potential implant loosening and failure. 
1.0 10.0 3.0 30.0 
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1.10.1 
Difficulty locating land marks to 
measure the model. 

Wrong measurement of model. 2.0 10.0 9.0 180.0 

1.10.2 Human error during measurement. Wrong measurement of model. 2.0 10.0 5.0 100.0 

1.10.3 Dimensional validation method. Wrong measurement of model. 2.0 10.0 3.0 60.0 

1
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1.11.1 
Wrong selection of sterilization 
method. 

Implant dimensional changes. 

Alteration of surface chemistry and morphology. 
1.0 10.0 3.0 30.0 
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1.11.2 Inefficient sterilization. 

Biological hazard, such as viral and microbial 
transmission. 

Leads to revision surgery. 

1.0 10.0 3.0 30.0 

1.11.3 Inadequate disinfection method. 
Biological thread to patient. 

Potential infection, implant loosening and failure.  
3.0 10.0 2.0 60.0 

1.11.4 Inadequate cleaning method. 
Biological thread to patient. 

Potential infection, implant loosening and failure. 
3.0 10.0 3.0 90.0 

1.11.5 Ultrasonic cleaning bath. 
Biological thread to patient. 

Potential infection, implant loosening and failure. 
3.0 10.0 4.0 120.0 
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1.12.1 Wrong marking. 
Biological thread to patient. 

Potential infection, implant loosening and failure. 
5.0 10.0 3.0 150.0 

1.12.2 Marking location on product. 
Difficulty to identify product. 

Risk of providing the wrong product to the patient. 
2.0 3.0 2.0 12.0 

1.12.3 Packaging sealing. 
Biological thread to patient. 

Potential infection, implant loosening and failure. 
3.0 10.0 3.0 90.0 

1.12.4 Selection of adequate packaging. 
Biological thread to patient. 

Potential infection, implant loosening and failure. 
1.0 9.0 3.0 27.0 
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2.1.1 
Missing inspection of material 
metallizations in EBM machine 
chamber. 

Contamination of the powder; Negative influence of 

component properties due to contamination. 

Material metallizations effects on: 

- Rake blades 

- Used Heat Shields 

- Build chamber 

- Cone & Foil 

8.0 9.0 8.0 576.0 
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2.1.2 
Deflection of the electron beam by 
electromagnetic fields or metallic 
objects. 

Geometrical deviation of parts (layer shifting). 

Negative influence of component properties due to 
porosity. 

8.0 10.0 2.0 160.0 

2.1.3 
Improper exchange of rope sealing 
(e.g. Cutting rope within the 
chamber). 

Glass-Fibres gets into the powder leading to 
contamination of the powder. 

Negative influence of component properties due to 
contamination. 

8.0 9.0 2.0 144.0 

2.1.4 Vacuum out of Range. 
Influence of component properties due to improper 
vacuum values which lead to unwanted interstitials 
like oxygen, humidity. 

1.0 10.0 6.0 60.0 

2.1.5 Arc Trip (destroyed crystal). 
Influence of component properties due to porosity 
due to improper melting. 

2.0 10.0 3.0 60.0 

2.1.6 
 Missing or inaccurate beam 
calibration. 

Influence of component properties due to improper 
melting conditions causing porosity. 

Dimensional deviation of parts. 

7.0 8.0 3.0 168.0 

2.1.7 
Missing or inaccurate beam 
alignment. 

Influence of component properties due to improper 
melting conditions causing porosity. 

Dimensional deviation of parts. 

7.0 8.0 3.0 168.0 

2.1.8 
No checking of the pulse lengths of 
the powder sensors (Software LOG-
Studio). 

Negative influence of component properties due to 
bad powder application (to less or too much powder) 
-> porosity or lack of fusion. 

2.0 10.0 2.0 40.0 

2.1.9 Missing check of powder sensors. 
Negative influence of component properties due to 
bad powder application (to less or too much powder) 
-> porosity or lack of fusion. 

2.0 10.0 2.0 40.0 

2.1.10 
Missing cleaning of powder sensor 
heads. 

Unreliable pulses -> Negative influence of 
component properties due to bad powder 
application (to less or too much powder) -> porosity 
or lack of fusion. 

2.0 10.0 2.0 40.0 
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2.1.11 
Bending the sensor flaps while 
cleaning the powder sensor heads. 

Unreliable pulses -> Negative influence of 
component properties due to bad powder 
application (to less or too much powder) -> porosity 
or lack of fusion. 

2.0 10.0 2.0 40.0 

2.1.12 
Missing check of distance between 
powder nipples and rake blades. 

Unreliable pulses -> Negative influence of 
component properties due to bad powder 
application (to less or too much powder) -> porosity 
or lack of fusion. 

2.0 10.0 2.0 40.0 

2.1.13 
Missing check of rake regulation 
(previous build). 

False regulation (e.g. reaching outermost positions) -
> Negative influence of component properties due to 
bad powder application (to less or too much powder) 
-> porosity or lack of fusion.

2.0 10.0 2.0 40.0 

2.1.14 
Missing "pencil" check (amount of 
fetched powder). 

Negative influence of component properties due to 
bad powder application (to less or too much powder) 
-> porosity or lack of fusion. 

2.0 10.0 2.0 40.0 
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2.2.1 Laser failure. 
Internal defects. 

Undesirable porosities. 
3.0 10.0 3.0 90.0 

2.2.2 Laser diameter. Omission of part fine details. 5.0 10.0 2.0 100.0 

2.2.3 High laser temperature. 

Part shrinkage.  

Fusion of surrounding particles. 

Over-curing or over-sintering. 

5.0 10.0 2.0 100.0 

2.2.4 Low laser temperature. 
Slow fabrication process. 

Increases fabrication cost. 
5.0 10.0 2.0 100.0 

2.2.5 
Missing inspection of material 
metallizations in DMSL machine 
chamber. 

Contamination of the powder; Negative influence of 

component properties due to contamination. 

Material metallizations effects on: 

- Laser optical lens 

- Rake blades

- Build chamber

8.0 9.0 4.0 288.0 
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2.3.1 Building speed variation. 

Inaccurate part dimensions. 

Defective part. 

Higher cooling rates. 

Higher material porosity. 

5.0 8.0 6.0 240.0 

2.3.2 Misalignment of positioning system. 
Inaccurate part dimensions. 

Defective part. 
6.0 9.0 4.0 216.0 

2.3.3 Part movement during fabrication. 
Inaccurate part dimensions. 

Defective part. 
4.0 9.0 6.0 216.0 

2.3.4 Worn coater blade. Low surface quality. 4.0 7.0 6.0 168.0 
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2.3.5 Short of feed powder. Low surface quality. 3.0 7.0 3.0 63.0 

2.3.6 
Localised material heating and 
cooling. 

Thermal warping. 

Dimensional distortion. 

Residual stress. 

Material phase change effects. 

5.0 8.0 2.0 80.0 

2.3.7 Machine maintenance. 
Equipment failure. 

Inefficient fabrication process. 
6.0 9.0 7.0 378.0 

2.3.8 Machine calibration. 
Dimensional inaccuracies. 

Low quality parts. 
3.0 4.0 3.0 36.0 

2.3.9 Machine parameters. 

Dimensional accuracy. 

Low quality parts. 

Unreliable mechanical properties. 

Negative influence of component properties due to 
wrong process parameters. 

4.0 9.0 7.0 252.0 

2.3.10 
Difficulty to monitor fabrication 
process 

Can leads to reduced quality. 

Process inconsistency. 

Unreliability. 

2.0 8.0 4.0 64.0 

2.3.11 
Metallizations are extracted with 
the machine vacuum cleaner. 

Contamination of the powder. 

Negative influence of component properties due to 
contamination. 

2.0 2.0 3.0 12.0 

2.3.12 

Filling the powder hoppers of the 
machine with non-compliant 
powder (contaminated, 
unscreened, wrong powder). 

Negative influence of component properties due to 
contamination. 

8.0 9.0 2.0 144.0 

2.3.13 
Missing start plate (building 
platform) cleaning (with alcohol). 

Contamination of the powder. 

Negative influence of component properties due to 
contamination. 

9.0 9.0 3.0 243.0 
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2.3.14 
Random errors in parts made by the 
same process, using the same 
material and parameters. 

No identical implants. 6.0 7.0 2.0 84.0 
3
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3.1 
Poor communication between 
design team and surgeon. 

Inaccurate product. 

Difficulty to predict surgery risks and results. 
3.0 10.0 3.0 90.0 

3.2 
Misinterpretation of the transferred 
knowledge. 

Defective product. 

Inefficient workflow. 

Inaccurate product definition. 

1.0 9.0 3.0 27.0 

3.3 
Availability of high qualified 
personal in the necessary 
professional skills. 

Can lead to low performance. 

Difficulties in product development. 
1.0 10.0 1.0 10.0 

3.4 Material Suppliers. Low material quality. 1.0 8.0 2.0 16.0 

3.5 Fabrication/design suppliers. Low quality. 2.0 10.0 10.0 200.0 

3.6 
Deficient personnel traits and 
training. 

High chances of mistakes during design and 
fabrication processes, leading to low quality 
products. 

1.0 3.0 2.0 6.0 

3.7 

Lack of training and experience due 
to introduction of new technologies 
and surgical methods (medical 
doctor). 

Inaccurate use of implant. 

Higher surgery risk. 
1.0 3.0 2.0 6.0 

3.8 
Low stakeholders’ involvement 
during the product development 
and design process. 

Incorrect product characteristics. 1.0 8.0 1.0 8.0 

3.9 
Limited knowledge of patient’s 
current health condition and 
biological characteristics.  

Poor preoperative planning. 

Latrogenic trauma. 

Concomitant injuries and illnesses. 

Longer operation time. 

Increment of revision surgeries. 

Higher infection rate. 

Decreased of bone healing rate. 

2.0 8.0 2.0 32.0 
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l 4.1 
Material stored under sun light and 
humid places. 

Damage material and contamination. 

Distinct mechanical properties. 
4.0 6.0 1.0 24.0 

4.2 Expired material 
Inconsistent mechanical properties. 

Inconsistent printing quality. 
7.0 4.0 2.0 56.0 
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4.3 
Wrong material mix (% of virgin and 
% of recycled). 

Inconsistent mechanical properties. 5.0 3.0 5.0 75.0 

4.4 Wrong powder particle size. 

Incorrect particle bonding. 

Weaken part areas. 

Incorrect powder material flowability. 

Decreases fabrication resolution. 

5.0 7.0 2.0 70.0 

4.5 
Wrong material characteristics and 
contamination. 

Inconsistent mechanical properties. 

Not compliance with regulations. 
3.0 10.0 2.0 60.0 

4.6 Wrong material selection. 
Reduced implant biocompatibility. 

Reduced life span. 
3.0 10.0 2.0 60.0 

4.7 Material reuse times. 

Can lead to contamination  

Increment in oxygen content 

Less spherical and rougher powder particles 

Increase in powder flowability 

Inconsistent mechanical properties 

5.0 7.0 5.0 175.0 

4.8 Material suppliers. 

Poor quality. 

Poor supplier service and involvement 

Remote geographical location. 

Supply chain disruption. 

Delay delivery. 

Lack of experience in suppliers’ risk management. 

3.0 10.0 10.0 300.0 

4.9 
Missing of regular powder 
examination due to human failure; 
lack of procedure definition. 

Negative influence of component properties due to 
non-compliant powder properties (oxygen pick up, 
humidity, ...). 

10.0 9.0 9.0 810.0 

5.10 

lack of knowledge about the used / 
mixed powder batches due to 
human failure; wrong procedures 
definition. 

Negative influence of component properties due to 
non-compliant powder properties (oxygen pick up, 
humidity, ...); lack of traceability. 

2.0 9.0 3.0 54.0 

5.11 
Powder handling at temperatures 

above 25°C, due to human failure; 

missing temperature monitoring. 

Negative influence of component properties due to 
non-compliant powder properties (oxygen pick 
up...). 

7.0 9.0 4.0 252.0 

5.12 

powder handling at elevated 
relative humidity (higher than 40%) 
due to human failure; missing 
humidity monitoring. 

Negative influence of component properties due to 
non-compliant powder properties (oxygen pick up, 
humidity, ...). 

10.0 9.0 2.0 180.0 

5.13 Missing sieving of powder. 

Contamination of the powder. 

Negative influence of component properties due to 
contamination. 

9.0 10.0 9.0 810.0 

5.14 
Missing protection clothes during 
powder handling. 

 
Contamination of the powder (risk for the patient); 
risk for the operator (injury, breathe in powder…). 

10.0 6.0 3.0 180.0 



Appendix I 

335 | P a g e

APPENDIX I 

Appendix I-1. Detailed Methodology 

Data Collection 

Conducting case study in business and management research requires the gathering of 

primary data through interviews and questionnaires from key individuals such as 

managers, workers, and technical staff to extract expert knowledge about their 

experiences, beliefs, or opinions [349, 365, 377]. Interviews can be classified in structure, 

unstructured, and semi-structured interviews. Structured interviews are closely associated 

with the scientific approach, where data collection is inflexible, giving no room to 

changes. Structured interviews usually collect quantitative data through a set of 

previously prepared closed questions [351]. This represent the advantage of structured 

interviews, where the data is collected in a consistent way across interviews, minimizing 

the differences between each interview to increase its reliability [349]. Unstructured 

interviews are compose by unstructured questions that have not been prepared beforehand 

[351]. This kind of interviews have the disadvantages of been difficult to control, are very 

time consuming, and may lead to problems recording the questions and answers [351]. 

The great flexibility of unstructured interviews lead to collect only qualitative data 

laminating its applicability. On the other hand, semi-structured interviews have the 

advantages of both structure and unstructured interviews providing a balance between 

flexibility and rigidity. Semi-structured interviews are conversational interviews 

composed of a set of standardized open-ended questions, with new questions that emerge 

through the interview process [599]. This freedom through the interview process, allow 

to reveal new and different aspects of the topic, giving strength to this kind of interviews 

[351]. Semi-structured interviews are mainly used to gather qualitative data, and when 

the researcher wants to delve deeply into a topic and to understand thoroughly the answers 

provided [351]. Nevertheless, there are occasions where qualitative research tools, such 

as semi-structured interviews can provide quantitative data [835]. Moreover, face-to-face 

interviews have the advantage of having the highest response rate in survey research 

[513]. Additionally, face-to-face interviews capture the most detail of both verbal and 
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nonverbal communication, and provide a space to establish rapport with participants, 

permitting the researcher to clarify ambiguous answers during the interview [513]. 

Therefore, the team selected face-to face interviews as the main data collection method 

for this research. The interviews were aimed at achieving four main objectives: (1) 

Identifying the workflow process of the design and fabrication processes of additively 

manufactured implants; (2) Identifying quality issues and percentages of rework and 

scrap; (3) Identifying technologies and methodologies used for quality control and 

assurance; and (4) Identifying communication and interaction methods between 

companies and clients (surgeons).  

Study selection 

The criteria to select the companies for this study were based on their experience and 

expertise in the design and manufacturing of medical devices using AM technologies. 

These include companies in the aerospace field due to their shared similarities in relation 

to materials used and strict quality regulations. Hence, the companies selected for this 

study had to comply with at least one of the following criteria: (1) Companies that 

manufacture patient-specific implants and/or medical devices using AM; (2) Companies 

that design patient-specific implants and/or medical devices for AM; (3) Companies that 

manufacture aerospace parts with AM technologies; and (4) Companies that design 

aerospace parts for AM. 

Data extraction and analysis 

For the data extraction of this study the team developed a semi-structured guide and a 

PowerPoint presentation to be conducted in the form of face-to-face interview in the 

premises of each company following the consolidated criteria for reporting qualitative 

research (COREQ) [360]. A research information sheet and a consent form were 

developed and delivered at the beginning of each interview. The purpose of the 

information sheet was to provide a detailed description of this study and the type of 

information that would be requested from each company. The consent form described 

that the identity of each participant will be considered confidential and that only a de-

identified summary of results may be used for presentations and publications. Moreover, 

a protocol composed of 11 steps was developed to perform the semi-structured interviews 
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in  the following manner: (1) An invitation letter will be send via email explaining the 

purpose of the research and why is important the participation of experts; (2) After each 

participant confirm his/her participation, meeting time and place will be arranged for 

conducting the interview taking into consideration to choose the locations to be 

convenient for each participant; (3) The interviewees identity will be kept confidential 

and code numbers will be assign to each of them; (4) Each interviewee will receive at the 

beginning of the interview a consent form where they agree to be audio recorded, and that 

the information that they will provide will be considered confidential and the summary 

of results of this study may be used for presentations and publications; (5) The  interviews 

were designed to last minimum 90 minutes; (6) At the start of the interview, the researcher 

will introduce himself, and explain the nature of the interview; (7) Then, PowerPoint 

presentation with the results of our previous studies and other preliminary results will be 

performed, followed by a  discussion; (8) Next, each participant will be asked to talk 

about his/her experience related to fabrication and design of patient-specific implants 

with additive manufacturing; (9) The questionnaire then will be performed; (10) The 

interviews will have a process of continuous refinement. Therefore, after each interview, 

a preliminary analysis will be carried out with the purpose of identifying other questions 

to be used in the following interviews and which ones could be omitted; (11) Additionally, 

each interviewee will be asked to suggest other industry experts from his/her network to 

be interviewed. 

The interview guide was composed by constructing a set of 28 open-ended questions to 

guide the direction of the conversation. The 28 questions were distributed in 6 different 

sections of the questionnaire for the purpose of: 

1. Acquire the background of the expert interviewed and the company.

2. Identify the workflow process of the design and fabrication processes of

additively manufactured patient-specific implants.

3. Identify how is the communication and interaction between the company and

client (Surgeon)

4. Identify quality issues and percentage of rework and scrap (Industry perspective),

including preventive and reactive solutions to these issues.

5. Obtain historic documentation of production and quality issues

6. Identify technologies and methodologies used for quality assurance.
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Questionnaires have several advantages in comparison to other survey methods. For 

example, they are easy to design and the overall time to develop and administer is 

minimal. Moreover, large amount of data with a high level of reliability can be collected 

at low cost, make it the least-costly survey instrument [836]. However, when 

questionnaires are composed of a large set of questions there is always a high probability 

that the interviewees do not complete the entire questionnaire [837]. Therefore, short 

questionnaires are more effective and realisable because are easier to complete [837]. The 

type of questions asked during each interview where descriptive and structural. 

Descriptive questions are used to gather descriptions of things and processes in order to 

get insights, or to check validity or accuracy about them [377]. In contrast, structural 

questions help the researcher to categorize groups of things and processes and to 

understand its relationships [377]. An example of the 28 questions used in this study can 

be seen at the end of this section. 

In regards to the data analysis, this was performed following within-case and cross-case 

analysis approaches [380]. In this study the within-case analysis was concerned with the 

evaluation of the collected data, as well as the reporting of the findings of each individual 

case study. The information obtained from each interview and visits to the manufacturing 

premises, provided a clear understanding of the design, fabrication, and quality control 

process of each company. Following this, the cross-case analysis was performed between 

the technologies and processes of the studied companies, with the purpose of making a 

comparative analysis of their advantages and disadvantages [365], in order to later 

produce an integrated quality control flow diagram that contains the best practices of each 

company.   
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Appendix I-2. Questionnaire Guide 

Interview questions and steps 

1. Background information Questions

Researcher/Industry expert:

• Research field or field of expertise?

• Current position and responsibilities?

• Field of education/ and research?

• Years of experience?

Company: 

• What type of products your company produce?

• How many years your company have been in the market?

• How many employees does your company have?

2. Identify the workflow process of the design and fabrication processes of 3D

printed bone implants

• What are the main activities and processes necessary to design and fabricate a

product?

• What are the key technologies and software used to perform these activities and

processes?

• From these activities and processes which ones are the most critical in relation to

the quality of the final product?

3. Identify how is the communication and interaction between the

company and client (Surgeon)

• How the company and the client interact to design the product?

• In what processes and activities is the client involved?

• Which are the most common barriers and issues that can emerge during the client

interaction process?

• How these issues and barriers are usually overcome?

4. Identify quality issues and percentage of rework and scrap. Precision, accuracy,

consistency taste, specification (PACTS) 

• In average how many implants are produced per month/year?

• From this production rate, in average how many products have to be discharged

due to quality issues? Or what is the percentage of scrap?
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• What activities or processes are the ones that required more rework or extra hours?

In other words, what activities are that ones that most often have to be repeated

due to mistakes?

• What are the most common issues that can emerge during the design and

fabrication activities necessary to achieve the final product?

• From these issues, which ones represent a potential threat to the quality of the

final product?

5. Required documentation

• Routinely product quality tests

• Production historical data

• Historical data of production issues and defective products: rework and scrap

6. Identify technologies and methodologies used for quality assurance.

• What Quality Assurance system do you use? E.g. Total Quality

management, Lean six sigma, etc.

• What are the strategies used to prevent or mitigate these potential issues?

• What are the key technologies and activities used to monitor and guarantee

the quality of products?

• What are the variables that you use to measure product quality?

• What are the acceptable tolerances for these variables to satisfy product

quality?

• What are the geometrical tolerances in your products? Or the precision

required? E.g how many millimetres or micrometres are your product allowed

to be offset in relation to patient’s specific geometry.
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Appendix I-3. Cross Analysis 

Table 1. Summary of cross analysis of companies’ quality control gates and 

methods 

Quality 

control gate 

(G) 

Inspection 

Type  
Description 

Technology 

and tools 

required 

Company A Company B Company c 

G-1: Software 

validation 
Off-line 

G-1 is to validate all software used 

throughout the whole product design 

workflow and fabrication processes 

  

Complies with FDA 

regulations

Complies with FDA 

regulations

Complies with FDA 

regulations

G-2: Implant 

specifications  
On-line 

Control communication issues 

between the surgeon and the clinical 

engineer. Through this interphase the 

most suitable medical image protocol 

is decided, and the necessary surgical 

requirements, patient’s information, 

and implant specifications are 

collected and corroborated in a 

systematic way before proceeding to 

the next steps of the workflow.  

Integrated 

communication 

interphase 

In-house developed 

Integrated 

communication 

interphase. 

Concurrent surgery 

planning to identify 

issues.  

Integrated 

communication 

interphase 


Reduces the risks of 

poor design. 

Maximises 

stakeholders’ 

involvement. 

Reduces the risks of 

poor design.  

Facilitates 

stakeholders’ 

involvement. 

G-3: 

Volumetric 

reconstruction 

validation 

On-line 

In G-3 the 3D volumetric 

reconstruction is compared to the 

original medical images from the 

patient, in order to find segmentation 

mistakes. 

Segmentation 

software, CT 

images 

  

This process is 

compulsory for any 

patient-specific 

implant 

This process is 

compulsory for any 

patient-specific 

implant 

This process is 

compulsory for any 

patient-specific 

implant 

G-4: Computer 

simulation 

validation 

On-line 

Non-destructive static and dynamic 

simulations are performed to test the 

implant design performance. 

Moreover, a thermo-mechanical 

simulation is required to identify 

thermic deformations during the 

fabrication process. The simulations 

are carried out two times during the 

overall design process, one after the 

primary design process and the other 

after the final design approval.  

Finite element 

analysis software 

package. 

Collaboration with 

university research 

groups for 

computational 

neuromusculoskeletal 

(NMS) predictions. 

Biomechanical 

modelling, 

simulation and 

analysis software 

package 

Finite element 

analysis software 

package. 

Used of published 

scientific articles 

with results of 

computational 

neuromusculoskeletal 

(NMS) predictions. 

Multiscale finite 

element analysis 

software package 

The results of 

simulations may be 

too far from reality 

Patient-specific 

neuromusculoskeletal 

models provide better 

approximations. 

The results of 

simulations may be 

too far from reality. 

The use of multiscale 

simulations allow to 

better understand 

implant material 

behaviour. However 

this is only possible 

if real forces 

obtained from 

Patient-specific 

neuromusculoskeletal 

models are used. 

G-5: Final 

design 

approval 

On-line 

Here the surgeon is asked to fill out 

and sign the presurgical planning 

protocol to approve that the surgical 

procedure plan, the patient-specific 

implant design and its corresponding 

surgical guides are suitable for the 

patient. The result of this procedure 

is a detailed planning report of the 

preoperative situation, which 

includes the characteristics of the 

implant and the expected 

postoperative situation to be 

achieved. 

Integrated 

communication 

interphase 


Integrated 

communication 

interphase


Integrated 

communication 

interphase



Allow to better 

control client 

requirements. 

Reduces risks and 

complains from 

client.  

Allow to better 

control client 

requirements. 

Reduces risks and 

complains from 

client. 

Allow to better 

control client 

requirements. 

Reduces risks and 

complains from 

client 

G-6: Material 

supplier 

validation 

On-line 

Control the quality of the powder 

material that comes from the material 

supplier. According to each AM 

equipment supplier, to achieve the 

highest performance of their specific 

AM system it is necessary to use 

validated powder material, which is 

strictly supplied by them. However, 


Powder suppliers are 

the same suppliers of 

the AM machine


Powder suppliers are 

the same suppliers of 

the AM machine


Used of standard 

powder for metal 

injection 
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regardless who is the supplier of the 

powder material, the supplier must 

have a recognized quality 

management program such as ISO 

9001, AS9100, or ISO 13485 

Due to low medical 

standards for AM 

industry, there is a 

high risk with 

regulation changes. 

Due to low medical 

standards for AM 

industry, there is a 

high risk with 

regulation changes. 

Facilitates 

standardization and 

material quality 

control. 

G-7: Blended 

material 

validation 

On-line 

G-7 is performed in order to 

guarantee the physical and chemical 

characteristics of virgin and blended 

powder. For this purpose, first it is 

needed to characterize the metal 

powder to control its characteristics 

such as particle size distribution, 

flow rate, particle shape, tap density, 

oxygen content, and hydrogen 

content [16]. Moreover, metal 

powder should have a chemical 

composition within the established 

limits required by the ASTM and 

medical standards and be free from 

inclusions and impurities. 

 

   

This is a more strict 

validation process 

This is a more strict 

validation process 

Easy validation 

process 

G-8: AM 

process 

validation 

Off-line 

Validation of the AM process that 

links machine-process and nesting 

parameters with part mechanical 

properties, and more general 

dimensional and shape-related 

metrological parameters. Here 

coupons and representative 

components are also tested using 

destructive and non-destructive 

standard methods to verify that the 

dimensional accuracy, mechanical 

properties, porosity, chemical 

composition, and material 

microstructure are within the 

required quality standards and 

specifications. This allows to verify 

the correct functioning of the AM 

machine through the identification of 

links between material properties of 

coupons and final products, including 

worst case scenarios and process 

limitations in relation to machine 

conditions, part placement and 

geometry. 

 

   

This is required in 

order to acquired 

FDA approval   

This is required in 

order to acquired 

FDA approval   

This is required in 

order to acquired 

FDA approval   

G-9: Real time 

AM process 

validation 

On-line 

Real-time process monitoring is 

essential for self-regulating process 

control. Therefore, the objective of 

G-9 is to monitor in real time the 

most important process parameter of 

the AM system used. Some of the 

machine parameters that need to be 

monitored are: laser or electron beam 

power, and diameter; scanning speed; 

layer thickness; hatch spacing; bed 

temperature; melt pool; cooling 

cycle; chamber temperature, 

atmosphere, and pressure. 

Real-time AM 

monitoring 

system 

   

Facilitates quality 

control 

Facilitates quality 

control 

More quality control 

activities are require. 

 

More expertise in 

AM process is 

required 

G-10: Visual 

inspection 
On-line 

Visual inspection of the implant 

surface quality and dimensional 

deviations. This is required because 

during the processes of fabrication, 

detachment from the build platform, 

and removal of support structures 

dimensional variations and visible 

surface marks could be introduced. 

 

   

No comments No comments No comments 
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G-11: Semi-

finished 

product 

dimensional 

validation 

Off-line 

Dimensional validation of the semi-

finish components. The dimensional 

validation of components is 

performed by an expert that 

compares each component with the 

original design and its specified 

tolerances using basic measurement 

tools such as caliper and micrometer. 

However, if the implants geometrical 

complexity does not allow the 

undertaking of accurate metrological 

measurements using traditional tools 

a more detailed dimensional 

inspection is required. In this detailed 

dimensional inspection, a high-

resolution point cloud data obtained 

from a CMM and a 3D laser scanner 

are combined to improve 

measurement resolution and speed. 

The result is a deviation map that 

quantifies critical component 

sections such as holes for future 

threads, spherical surfaces, bearing 

surfaces, and surface roughness. A 

report is then generated to determine 

whether the component is rejected or 

accepted based on the deviation map. 

  

Use of simple tools 

such as caliper and 

micrometer. 

CMM and 3D laser 

scanner 

These tools allow a 

more a precise 

measurement, thus 

minimising cost of 

moving the product 

forward through the 

workflow process. 

However they make 

this process much 

slower.  

Use of simple tools 

such as caliper and 

micrometer. 

CMM 

At this stage this 

tools provide a fast 

and cost-effective 

measurement method  

Use of simple tools 

such as caliper and 

micrometer. 

CMM 

At this stage this 

tools provide a fast 

and cost-effective 

measurement method 

Table 1. (Continued) 

Quality 

control gate 

(G) 

Inspection 

Type  
Description 

Technology and 

tools required 
Company A Company B Company c 

G-12: Periodic 

metallography 

and chemical 

composition 

inspection  

On-line 

Periodic inspection that takes place to certify that 

each manufactured batch complies with the 

required chemical composition and microstructure 

standards for its specific use. For this purpose, 

representative test coupons are used. The results of 

the metallographic examinations should be 

reported in the device master record with 

microphotographs of the material microstructure 

along with a paragraph containing an interpretation 

of the results. The results of the metallographic 

examinations should be reported in the device 

master record with microphotographs of the 

material microstructure along with a paragraph 

containing an interpretation of the results.  

Light stereo 

microscope, 

etching 

solutions, 

grinder/polishing 

machine, 

Microhardness 

tester, and XRF 

spectrometer 

  

This is required 

in order to 

acquired FDA 

approval  

This is required 

in order to 

acquired FDA 

approval  

This is required 

in order to 

acquired FDA 

approval  

G-13: 

Defectoscopy 

and 

dimensional 

validation 

Off-line 

 Evaluation of shape deviations, defectoscopy and 

dimensional analysis of semifinished components 

in one single test. The defectoscopy test looks 

through the entire part to check to identify internal 

pores, and powder particles trapped within the 

trabecular and lattice structures.    

Micro-CT 

scanner 

Micro-CT 

scanner 
X-ray machine X-ray machine 

This tool is the 

most 

appropriate for 

this task, and 

has been 

intensively used 

by NASA and 

aerospace 

companies. 

This tool are not 

the best option 

to perform 

detailed 

dimensional 

measurements 

for patient-

specify 

implants. They 

are slow and 

don’t allow a 

complete 

geometry 

measurement  

This tool are not 

the best option 

to perform 

detailed 

dimensional 

measurements 

for patient-

specify 

implants. They 

are slow and 

don’t allow a 

complete 

geometry 

measurement  

G-14: Periodic 

inspection of 

mechanical 

properties 

On-line 

Periodic tests of each manufactured batch. For this 

the FDA recommends the use of test coupons for 

tensile and micro-hardness tests. The test coupons 

should be built within each batch, and their 

location and orientation in the building chamber 

shall correspond to the worst-case scenarios 

previously identified in G-8. 

Universal testing 

machine 

  

The omission of 

this process can 

raise many 

potential critical 

risks. 

Due to the high 

uncreatability in 

AM this 

practice is 

recommended 

Due to the high 

uncreatability in 

AM this 

practice is 

recommended 

G-15: Surface 

and coating 

characterization 

Off-line 

For modified and non-modified surfaces of 

metallic implants there are several surface 

characteristics at the microscale and nanoscale that 

need to be controlled. For this purpose, a 

noncontact topography characterization is 

Non-contact 

profilometers 

such as low 

coherence 

interferometer, 

  

This process is 

outsourced, thus 

minimizes costs 

and risks for 

Due to the 

larger 

production 

volumes this 

This process is 

outsourced, the 

company does 

not have 
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preferred. However, micrometric and nanometric 

features should be characterized separately.  

confocal 

microscope 

mall 

productions 

process is more 

suitable for this 

company 

expertise and 

experience 

G-16: Detailed 

periodic 

random 

inspection of 

finished 

product 

Off-line 

Periodic random destructive tests of standard and 

bespoke components. In the case of bespoke 

components, they can only be randomly tested if a 

strong data base is present. Moreover, surface 

properties of coated and non-coated implants also 

need to be tested. Some of these properties are 

roughness, hardness, layer thickness, shear fatigue 

strength, static shear strength, plastic deformation, 

and abrasion. 

The tests are static and dynamic mechanical tests 

that should be performed following the 

corresponding ASTM standards of each 

component type. 

Fatigue Testing 

Machine, and 

universal testing 

machine, 

indentation 

hardness tester, 

scanning 

electron 

microscope, and 

coating 

thickness gauges 


 

The omission of 

this process can 

raise many 

potential critical 

risks. 

This is a great 

quality control 

practice 

This is a great 

quality control 

practice 

G-17: Visual 

inspection of 

finished 

products 

Off-line 

Comprehensive visual inspection of the final 

product. The aim is to detect residual errors that 

could not be detected in previous stages. Here an 

inspector checks the overall quality of each 

implant and assembly, including all the product 

documentation from the previous quality control 

gates. In this quality control gate, the inspector 

visually compares each component and assembly 

with the original design and its specified 

tolerances. Some of the critical areas to be 

measured are thread holes, assembly tolerances 

and movement, and the height and width of each 

component.  

Caliper, 

micrometer, 

magnifying 

goggles, and 

schematics  

  

This process is 

omitted by this 

company 

because is 

previously 

performed with 

a micro-CT 

scanner, which 

gives to this 

company 

enough 

confidence. 

However, this 

process is 

recommended 

in order to 

reduce the 

probability of a 

defective 

product 

reaching the 

market. 

However, this 

process is 

recommended 

in order to 

reduce the 

probabilities of 

a defective 

product 

reaching the 

market. 

However, this 

process is 

recommended 

in order to 

reduce the 

probabilities of 

a defective 

product 

reaching the 

market. 

G-18: 

Sterilization 

and Packaging 

validation 

Off-line 

Validation and routine inspections of Cleaning, 

disinfection, and sterilization, marking, labelling, 

and packaging processes, including 

biocompatibility tests to certify batches. The 

sterility validation of medical devices at the 

industrial scale can be performed using a small 

number of product samples to determine the 

sterility assurance level (SAL). After validation, 

the efficiency of disinfection, cleaning, and 

sterilization processes most be routinely monitored 

on each cycle. Therefore, during routine 

production quality engineers must check 

sterilization certificates, and sterilization 

indicators. 

Regarding to the marking, labelling, and packaging 

of patient-specific implants a visual inspection is 

required. In this visual inspection it is necessary to 

verify that each component was adequately marked 

based on patient information and intended used. 

Moreover, external package labelling should 

correspond to it content, and following the 

corresponding standards. Regarding, the main 

implant package it is important to inspect it in an 

exhaustive way to identify potential issues such as 

punctures, damage, or defective sealing. 

Product master 

record, 

sterilization 

certificates, and 

magnifying 

goggles 

Sterilization 

process is 

Outsourced  


Cleaning, 

disinfection, 

and 

sterilization, 

marking, 

labelling, and 

packaging 

processes are 

outsourced  

This process is 

outsourced, thus 

minimizes costs 

and risks for 

mall 

productions 

Due to the 

larger 

production 

volumes this 

process is more 

suitable for this 

company. 

This process is 

outsourced, thus 

minimizes costs 

and risks for 

mall 

productions 
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APPENDIX J 

Practitioner Companion Guide 

Multistage manufacturing systems, such as the ones used to produce patient-specific 

implants, are composed by multiple production processes that require a delicate 

coordination to obtain the final product. The overall performance of these type of systems 

depends on the accumulated performance of their stages [630]. Therefore, error 

propagation is the major cause that affects the overall system performance of multistage 

manufacturing systems [462]. According to Hrgarek [330] the cost of fixing an error 

increases exponentially when it moves forward through the product development cycle 

and production chain [330]. This cost is even higher in the medical industry, because a 

defective product can represent a life-threatening risk and lead to product recalls with 

serious financial implications such as liability costs and market capitalization loss due to 

negative brand image [330, 540, 541]. 

Quality control is composed of several processes designed to effectively monitor and 

prevent quality issues, in order to help to achieve the necessary process performance and 

product quality standards [631]. In our previous work we identified that through the 

design and manufacturing processes of patient-specific implants, a total of 85 causes of 

risks of non-conformance quality [34]. These potential risks of non-quality conformance 

are mainly caused by the novelty of additive manufacturing (AM) technologies, product 

geometrical complexity, material properties, and the great variability of customers’ needs. 

Controlling the quality of this type of product is a difficult task. This is due to fact that 

patient-specific implants are one-off design products that require higher quality standards 

than traditional implants, leaving no space for uncertainty. Moreover, the large variation 

of product characteristics of patient-specific implants increases the probability of human 

errors due to the reduced opportunity for learning from repetitive operations [462]. 

Therefore, the quality control activities for the design and fabrication of patient-specific 

implants should take place in the most sensible activities of the design and fabrication 

process. This is not a rare practice in many discrete manufacturing process, where total 

inspection at each intermediate operation are commonly performed [630].  
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To overcome the above challenges, this study explored the quality control methods 

employed within three different companies to select the best quality control practices and 

develop an integrated quality control flow diagram for patient-specific implants. The 

selection of best practices was based on the quality performance of each company, 

including their internal quality management culture, and technologies used. The 

integrated quality control flow diagram was also developed taking into account the FDA 

guideline: “Technical Considerations for Additive Manufactured Medical Devices” [294] 

and ASTM standards, including the following assumptions:  

• Mass production with AM is performed.

• It is assumed that a biocompatibility assessment was previously performed

following the ISO 10993 standard.

• The aim is to achieve the highest production performance and customer quality

ratings, pursuing the 6σ rating.

• Defective products are unacceptable, due to the potential high risks that they

represent to the company, the customer, and the patient.

• It is assumed that missed flaws in the final product have serious consequences to

the patient ranging from injury to fatality.

• Product external failure costs and penalty cost are much higher than a quality

inspection cost. Therefore, they should be avoided in any instance.

• The scrap and rework costs, and penalty risks should stay at a minimum level.

• The company employees should embrace a proactive quality culture, similar to

the one promoted in Total Quality Management

• Inspections are only performed by highly qualified personnel.

• If defects are not detected in a quality control gate they should be detected in the

following gate.

• The minimum quality management system in place should be ISO 13485.

• A detailed risk identification and a failure mode analysis should be previously

performed.

The resulting quality control workflow chart presented in Fig 1 considers the entire design 

and production cycle of patient-specific implants. It focusses in preventive quality control 

activities from a conservative approach. This integrated quality control flow diagram is 

composed by 18 go/no-go quality control gates that take place before, during, or after the 
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most sensible processes and activities depending on their criticality, and availability of 

quality control technologies. Go/no-go gates means that the corresponding product 

quality attributes at each stage must be satisfied in order to continue the following process 

[631]. Each quality control gate must have its corresponding product validation 

documentation containing checklists, and control diagrams to track/trace product quality 

variations at each stage. 

According to the Pareto principle, decisions made during product planning and design 

phases are responsible for approximately 80% of the product final costs [632, 633]. 

Therefore, 28% of the proposed quality control gates of this study were strategically 

allocated in the product design phase, which can be divided into four different sub-phases: 

(1) Information design phase; (2) Conceptual design phase; (3) Preliminary design phase; 

(3) Detailed design phase [634]. From all of the 18 proposed quality control gates, 66.6% 

are on-line inspections. On-line inspections are part of the flow process of the design and 

production line [635]. They are performed during production to catch quality variations 

caused by careless workers, maladjusted and uncalibrated machines, and environmental 

conditions [636]. This type of inspection is also aimed to control and ensure that the 

quality requirements of incoming materials and semi-finished/finished products are met 

before an value-adding operation is undertaken [636].  The remaining 33.4% of the 

quality control gates correspond to off-line inspections performed by specialised quality 

inspectors. These are more detailed and time-consuming inspections that interrupt the 

process flow. However, they are more effective than on-line inspections [635]. The 

following paragraphs present a detailed description of each quality control gates (G) of 

the proposed quality control workflow chart developed in this study. 
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Figure 1. Integrated quality control workflow chart with 18 gates. The meaning of 

the items in the chart is as follows: Black solid outlined box = process; Black 

dashed outline box = overarching Process; Green solid outlined box = quality 

control gate; Green dashed outline box = overarching quality control gate; Red 

pentagonal box = decision; Blue box = expert/staff; Solid arrow = on-line process; 

Dashed arrow = off-line process. 
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G-1: Software validation

Acting as a global quality control gate, G-1 is designed to ensure the reliability of the 

software workflow and each of the software packages used during the design and 

fabrication processes of patient-specific implants. This is required because critical data 

and files are manipulated and shared during the design and fabrication processes where 

potential imperceptible software errors can occur affecting the quality of the final product. 

Therefore, before starting to produce patient-specific implants, it is imperative to perform 

a software workflow validation process to ensure expected performance [294]. The 

validation of the workflow software requires that the device manufacturer ensures that 

each software used during the workflow process are appropriate for its intended used. 

Moreover, according to FDA [838], documentation containing fully defined requirements 

and testing results should be supplied as evidence to show that each software and the 

software workflow process are validated. Moreover, the ISO/ASTM 52915 standard 

recommends the use of Additive Manufacturing File format (AMF). The new AMF file 

format has higher geometry fidelity than the traditional STL file. Moreover, the AMF file 

format acts as a document control system that is able to store objects and vital information 

such as location in a build volume and material information [839].

G-2: Implant specifications

In the production of highly customized products, one of the main causes of producing 

obsolete components is poor communication between customer and product designers. 

According to Bordat, McCullouch [245], to achieve error-free products implicates better 

communication methods, between the design team, the customer and the integration of 

those with a properly planned design process. Concurrent engineering telecommunication 

software packages can help to reduce communication errors with real time information 

exchange and adequate protocols [462].  Therefore, G-2 takes place in an integrated 

concurrent engineering web software tool. 

 During this study it was found that two of the studied companies use their own online 

communication interphase to communicate and interchange information between the 

surgeon and a company’s clinical engineer. Through this interphase the most suitable 

medical image protocol is decided, and the necessary surgery requirements, patient’s 



Appendix J 

 

350 | P a g e  

 

information, and implant specifications are collected and corroborated in a systematic 

way before proceeding to the next steps of the workflow. Some of the necessary 

information includes the type of surgery to be performed including its risks and 

constraints, implant’s and/or surgical guides’ requirements, and patient’s medical data 

such as medical images, description of pathology, and adjacent conditions. Moreover, a 

concurrent engineering interphase is used within this software to collaboratively plan 

each surgery. Surgery planning is performed in a 3D environment which simulates the 

placement of surgical guides, implant, and screws in the patient’s anatomy. This 

facilitates the identification of issues and allows the surgeon to be familiar with the whole 

procedure. 

G-3: Volumetric reconstruction validation 

The image segmentation process of the patient’s region of interest, is performed to isolate 

all the different tissues such as muscle, bones, ligaments, cartilage, blood vessels and 

nerves in order to have an approximated tissue differentiation. However, the high 

sensitivity of these processes, coupled with the need for in-depth anatomical knowledge, 

increases the probability of human error, which ultimately could lead to an inaccurate 

implant design.   

To prevent and control the potential errors of this process the G-3 is performed to validate 

the image segmentation process and the 3D volumetric reconstruction. This quality 

control process requires comparison of the 3D volumetric reconstruction of the patient’s 

region of interest directly with the original medical images from the patient (computer 

tomography scan or magnetic resonance tomography). If errors are found during this 

process, they can be corrected by repeating the image segmentation process. Then if the 

3D reconstruction process is satisfactory, the 3D volumetric reconstruction is used as a 

template to design the implant, and to create an anatomical model of the region of interest 

to assist the pre-surgical planning process. 

G-4 and G-5: Computer simulations and final design approval  

G-4 is usually carried out by the studied companies at least two times during the overall 

design process, one after the primary design process and after the final design approval. 

After the primary design process, the implant and its corresponding surgical guides have 
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already been designed to match the geometry of the patient’s region of interest. However, 

the mechanical properties and dynamic performance of the implant need to be tested 

according to the specific conditions of the patient and correspond to medical standards. 

For this purpose, a virtual non-destructive testing of the implant design is usually 

performed with a finite element analysis (FEA) software package to guarantee the implant 

mechanical integrity, as well as to optimise its weight. For this purpose, companies refer 

to the recommendations of ASTM standards for FEA related to the type of implant that 

is been design. Examples of these standards are presented in Table 1. However, according 

to the clinical engineers of the studied companies, currently there are no standard guides 

or recommendations for the external forces and boundary conditions for FEA of patient-

specific implants. Therefore, these companies use the external forces and boundary 

conditions published in literature and also from muscle skeletal models developed in 

collaboration with universities research groups.   

Knowing that the future changes in medical device regulations will make more stringent 

the requirements to register and commercialize patient-specific implants, it is vital that 

companies in this sector to proactively be prepared. It is already known that regulatory 

changes will force manufacturers and designers of patient-specific medical devices to 

provide sufficient clinical data and clinical evaluation before the registration of a device, 

in order demonstrate its clinical performance and benefits [295]. Therefore, to in order to 

be comply to future challenges that new regulations are imposing it is vital to not just 

design implants based on the unique 3D geometrical features of patients' bone. Instead, it 

is proposed that patient-specific implants should be designed taking into consideration 

joint contact forces that occur during real life activities. For this purpose, a 4D implant 

design approach, as described in our previous work [34], should be used to help to validate 

patient-specific implants with patient-specific computational neuromusculoskeletal 

(NMS) predictions and multiscale finite element analysis (MFEA). This approach also 

permits medical practitioners to understand the mechanisms of injury and disease of the 

musculoskeletal system and structural form-function relationships to better design, test, 

and validate implants [34]. The computational NMS considers the muscle force 

contributions to estimate the in vivo contact loads of the patient's region of interest. These 

muscle forces are affected by external loading conditions, joint kinematics, as well as an 

individual's task-specific muscle activation patterns, during real life activities. 

Furthermore, MFEA enables virtual tests and simulations for more insightful study, 
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design and optimization of micro and nanostructured hierarchical materials. These 

simulate the interactions of different implants microstructures, surfaces, and tissues [34]. 

Furthermore, according to the AM engineers of the studied companies another aspect to 

consider when components are fabricated with DMLS and Inkjet 3D printing are the 

resulting residual stresses and part distortion caused during the fabrication process. These 

residual stresses and part distortion are caused by large thermal gradients during the metal 

sintering process [568]. Consequently, to reduce the number of trials to make a reliable 

product they also run thermo-mechanical simulations to predict residual stresses and 

product distortion [840]. With the results of these simulations the AM engineers then can 

design strategies to counteract and mitigate these issues [841]. 

Figure 2. (a) Implant design and (b) surgery planning performed with the surgeon-

manufacturer communication tool MICE (Medical Implants Customization 

Engine). 

Following the simulation process, the virtual pre-surgical planning is performed with an 

interactive communication between the surgeon and the clinical engineer using the 

integrated concurrent engineering web software tool. Sometimes during the pre-surgical 

planning process, it can be found that the preliminary design needs further refinement 

which leads to several design iterations before reaching the final design. When this 

process is satisfactory, the changes on the design are implemented and the G-4 should be 

performed once again as a final simulation. The result of this final simulation is a detailed 

engineering report describing worst case scenarios, critical loads and critical implant 

areas, and parameters for an optimum fabrication process and heat treatments.  

G-5 takes place as a final design approval. Here the surgeon is asked to fill out and sign

the presurgical planning protocol to confirm that the surgical procedure plan, the patient-

b)a) 
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specific implant design and its corresponding surgical guides are suitable for the patient. 

The result of this procedure is a detailed planning report of the preoperative situation, 

which includes the characteristics of the implant and the expected postoperative situation 

to be achieved.  

Table 1. Examples of FEA ASTM standard test for orthopaedic components [842-

844]. 

Standard 
designation 
code 

Standard Description 

ASTM F3161-
16 

Standard Test Method for Finite 
Element Analysis (FEA) of Metallic 
Orthopaedic Total Knee Femoral 
Components under Closing 
Conditions 

This standard can be used to calculate stresses on knee 
femoral components. Moreover, it can be used to 
identify the worst-case size for a particular implant 
family.  

ASTM F2996-
13 

Standard Practice for Finite Element 
Analysis (FEA) of Non-Modular 
Metallic Orthopaedic Hip Femoral 
Stems 

This standard can be used to calculate stresses on a 
femoral hip stem when loaded in as described in ISO 
7206-4 (2010). Moreover, it can be used to identify the 
worst-case size for a particular implant family. 

WK59162 

New Test Method for Finite 
Element Analysis (FEA) of Metallic 
Orthopaedic Total Knee Tibial 
Components 

This is a work-in-process standard that aims to establish 
requirements and considerations for the numerical 
simulation of metallic orthopaedic total knee tibial 
components for the estimation of stresses and strains, 
but it does not include the prediction of fatigue 
strength. Moreover, it can be used to identify the worst-
case size for a particular implant family.  

 

G-6 and G-7: Material supplier validation and Blended 

material validation 

All the AM systems used by the studied companies use material in powder form to 

fabricate patient-specific implants and surgical guides. This powder material can be virgin 

or blended. Powder material is considered virgin if this comes from a single powder lot. 

Whereas a powder blend is the result of the combination of different powder lots, 

including recycled powder [519]. However, regardless if the power is virgin or blended 

it has to follow the same strict specifications, in order to produce consistent high-quality 

parts with predictable mechanical and chemical properties [524].  Therefore, G-6 and G-

7 identified in this study act as the material control and handling process validation.  

G-6 is used with the purpose of controlling the quality of the powder material that comes 

from the material supplier. According to each AM equipment supplier, to achieve the 

highest performance of their specific AM system it is necessary to use validated powder 

material, which is strictly supplied by them [530]. This is because material from different 
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vendors might have different characteristics which can significantly impact negatively 

the properties of additively manufactured parts [528]. However, regardless who is the 

supplier of the powder material, the supplier must have a recognized quality management 

program such as ISO 9001, AS9100, or ISO 13485 [519]. Moreover, suppliers should 

provide material data sheets and certificates with testing results of the material properties. 

G-7 is performed to guarantee the physical and chemical characteristics of virgin and

blended powder. For this purpose, first it is needed to characterize the metal powder to 

control its characteristics, such as particle size distribution, flow rate, particle shape, tap 

density, oxygen content, and hydrogen content [524]. Moreover, metal powder should 

have a chemical composition within the established limits required by the ASTM 

standards and component purchaser, and be free from inclusions and impurities [519]. 

For more details refer to Table 2.  

To control some of the powder characteristics, different systems for powder handling and 

sieving are offered by AM equipment suppliers. Nevertheless, we identified that to further 

improve the reliability of these type of systems, one of the studied companies uses a 

sealed room with controlled atmospheric conditions to process their powder material. 

This is due to the fact that titanium alloys such as Ti6Al4V can easily absorb water, 

oxygen, and hydrogen from the surrounding atmosphere during the AM fabrication, 

recycling process, and storage affecting the density and flow rate of the powder particles, 

and even the chemical composition of the final part [520, 521]. Furthermore, according 

to medical regulations such as the FDA 21 CFR Part 820, ISO 13485, and to the FDA 

“Technical Considerations for Additive Manufactured Medical Devices” every process 

of the production chain shall be validated. Therefore, at the G-6 and G-7 it is essential to 

have established procedures and data documentation to facilitate material traceability, and 

to ensure that all purchased materials and blends conform to the specified requirements 

by the AM equipment supplier and corresponding standards. 
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Table 2. Recommended standard tests for characterization of titanium alloy 

Ti6Al4V powder used for AM, and required material chemistry composition for 

Powder Bed Fusion systems [519, 524]. 

Recommended tests Related ASTM standard test methods  
Sampling procedures for 
metal powder 

B215 

Density B923, B212, B329, B417, B703, B417, B527 

Flow characteristics B964, B213, B213, B855, B964, 

Chemical composition Element min max E1447, E1941, E1409, E2371, E539, E572, E2465, E2594, 
and E2626 Aluminum 5.5 6.75 

Vanadium 3.5 4.5 

Iron - 0.3 

Oxygen - 0.2 

Carbon - 0.08 

Nitrogen - 0.05 

Hydrogen - 0.015 

Yttrium - 0.005 

Other elements, each - 0.1 

Other elements, total - 0.4 

Titanium remainder 

Morphology 
characterization 

B243 

Particle size B214, B822 

G-8: AM process validation

For cost-effective efficient machine volume utilization in AM production, companies 

produce multiple parts in a single setup. To maximize production, it is required the use of 

skilled technicians and specialised AM software to optimize the nesting process within 

the build volume [845]. Nonetheless, there are a variety of potential quality risks that can 

occur during the nesting process that can affect implant’s critical quality attributes such 

as material properties, dimensional accuracy, and biological safety [34]. To prevent some 

of the potential risks the factors that need to be taken into account are: part building 

orientation; part location within the build volume; separation between parts; support 

structures; AM machine settings; including some specific issues related to the type of AM 

system used [234, 564]. Consequently, an annual validation of the AM process that links 

machine-process and nesting parameters with part mechanical properties, and more 

general dimensional and shape-related metrological parameters must be conducted as the 

G-8.

As best machine validation practice, we identified that Company B use test coupons,

and components with similar geometries and features such as trabecular/lattice structures 

like the ones present in patient-specific devices. These test coupons and components are 

used as representative test samples to challenge the complete build volume of the 

fabrication chamber of the AM machine [294], as shown in Figs 3a. This practice allows 

verification of the correct functioning of the AM machine through the identification of 
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the relationship between material properties of coupons and final products. Moreover, 

challenging the AM machine allows identification of the worst-case scenarios and process 

limitations in relation to machine conditions, part placement and geometry [846], as 

shown in Fig 3b. The result of this validation process is the establishment of the final 

process parameters that produce consistent and repeatable products that fulfil the required 

specifications.  

Coupons may be tested using destructive and non-destructive standard methods to 

verify that the dimensional accuracy, mechanical properties, porosity, chemical 

composition, and material microstructure are within the required quality standards and 

specifications, as listed in Tables 3. Moreover, according to FDA [294] the data collected 

during this validation process should be accordingly documented to conform existing 

guidelines for device validation. 

 

Table 3. Example of minimum requirements of mechanical properties, final 

material permissible variation composition, and related standards of titanium 

alloy Ti6Al4V components produced with Powder Bed Fusion systems [519]. 

Recommended 
tests 

 Required values 
Related standards practice and test 
methods 

Surface texture  
Decided by 
manufacturer 

ASME B46.1 

Component Density  99%+ ASTM B311 

Material Porosity  Less than 2% ASTM B311 

Microstructure   AS1814, ASTM B600, ASTM E3, ASTM E407 

Mechanical 
properties 

Hardness  
ASTM E10, ASTM E18, ASTM E384, ISO 
6506-1, ISO 6507-1, ISO 6508 

Fracture toughness  ASTM E1820, ASTM E399, ASTM E23 

Compression strength  ASTM E9 

Shear  ASTM B769 

Fatigue crack growth  ASTM E647, ISO 12108, 

Fatigue  
ASTM E466, ASTM E606, ISO 12108, ISO 
1099 

Ultimate tensile strength (UTS) 
σmax x = 895 MPa 

σmax y = 895 MPa 
σmax z = 895 MPa ASTM E8/E8M, ISO 6892 

Yield strength (YS) at 0.2 % offset 
σx = 825 MPa 

σz = 825 MPa 

Elongation in 5 cm or 4D X,Y and Z 
direction 

10%  

Reduced area X, Y and Z directions 15%  

Chemical 
composition 

Element min max Permissible variation in check analysis 

Aluminum 5.5 6.75 ±0.04  

Vanadium 3.5 4.5 ±0.15  

Iron - 0.3 ±0.10  

Oxygen - 0.2 ±0.02  

Carbon - 0.08 ±0.02  

Nitrogen - 0.05 ±0.02  

Hydrogen - 0.015 ±0.002  

Yttrium - 0.005 ±0.0006  

Other elements, each - 0.1 ±0.02  
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Figure 3. a) Text coupons and representative geometries to challenge the complete 

build volume; b) Representative sampling to evaluate extremes of range for worst 

case machine conditions. 

G-9: Real time AM process monitoring  

G-9 is a real-time process monitoring of the AM process. This is essential for self-

regulating process control [847]. This practice is commonly used in traditional 

manufacturing processes to further guarantee the long-term reliability of industrial 

systems, allowing to reverse the effects of disturbances and faults during manufacturing 

[571]. Nevertheless, in-process monitoring still limited for AM processes [36, 848], 

because this is a relatively young industry. Furthermore,  the large number of machine 

parameters that need to be controlled makes this task extremely challenging [212]. 

Some of the machine parameters that need to be monitored in a AM machine are: laser or 

electron beam power, and diameter [167, 849]; scanning speed [569]; layer thickness; 

hatch spacing [214]; bed temperature; cooling cycle [216]; chamber temperature, 

atmosphere, and pressure [559]. The variability of machine parameters during the 

additive manufacturing process may cause changes to the material microstructure and 

chemical composition [569]. Moreover, material fatigue strength can be strongly affected 

when voids and pores are developed during fabrication [849]. Additionally, during 

fabrication a nonuniform heat transfer and uncontrolled cooling cycles leads to residual 

stresses and dimensional distortion of the manufactured component affecting its 

dimensional accuracy and fatigue crack growth [218, 570]. 

a) b) 
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There are just a few commercial monitoring systems available for AM. Some of them are 

currently used by the companies in this study. For example, the EBM system Q10plus 

Arcam offers two process validation systems LayerQam for defect detection and xQam 

for machine autocalibration. The LayerQam is an inline camera-based quality verification 

system for in-situ process monitoring. This system is composed of an image processing 

algorithm, and a high-resolution camera that works with in visible light and near-infrared 

region (NIR) to analyse the melt pool for defect detection. This monitoring system takes 

pictures of every layer to monitor porosities created during the melt process to verify 

100% density of produced components. Furthermore, the system generates a post-build 

report, and the pictures captured during the building process can be staked in a similar 

way as a CT scan to create a 3D image of the entire built  [553, 554]. On the other hand, 

the xQam system is a real-time high precision autocalibration system which compromises 

an X-ray detection system and a powerful software platform. The xQam system allows a 

better electron beam control to improve focus accuracy and eliminates the need for 

manual calibration, reducing the process from 4 hours to just 15 minutes [552]. 

The DMLS EOSINT M 280 machine comes with an EOSTATE which is a status control 

and reporting software that works together with several sensors to permanently monitor 

and record in-real time the laser power, cooling system, build platform positioning, 

electrical system, build platform temperature, ambient temperature, air circulation 

system, oxygen concentration, dispensing system and collection vessel, including a 

scanner self-calibration. Moreover, if the system detects deviations out of a pre-defined 

range, it stops the fabrication process to avoid further fabrication issues [544].  

Nevertheless, to further improve machine monitoring of DMLS machines EOS recently 

launched EOSTATE process monitoring suite that consist of four modules developed to 

monitor in real-time the intrinsic characteristics of the building process [545]. The first, 

two monitoring systems are EOSTATE MeltPool and EOSTATE Exposure OT together, 

both systems can detect variations in the scan speed, hatch distance, and laser power 

before the creation of part defects. The EOSTATE MeltPool determines process 

deviations through two photodiodes that measures the light emitted in the near-infrared 

spectrum from the entire build platform and the melt pool. Whereas, the EOSTATE 

Exposure OT is a camera based system that works in the NIR wavelength range to monitor 

the entire build platform [546]. The third real-time monitoring system is EOSTATE 

PowderBed. This system consists in an integrated 1.3 Megapixel industrial camera that 
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monitors the powder bed taking pictures after each coating and laser exposure to identify 

irregularities such as cavities, incomplete powder layer, and grooves [547, 548]. 

Additionally, EOSTATE can create a detailed report of the building process, and 

independently selected components containing machine data and statistics [549]. 

To acquire a customisable control of 3D printing laser systems, there are commercial 

solutions such as Materialise Control Platform & Inspector by Materialise, and 

PrintRite3D by Sigma Labs. Materialise Control Platform & Inspector is a modular 

software-driven, embedded hardware solution an a machine calibration tool that enables 

total control of 3D printing machines parameters reducing fabrication time, facilitating 

quality monitoring and control, and allowing better process repeatability [850]. This 

system has an image processing software that can detect recoater failure, warping, tear, 

and the quality of the melt pool. Furthermore, it provides an energy density map that can 

be used in combination with a simulation of the fabrication process to investigate 

behaviour of the AM building process helping root cause analysis, and to optimise the 

manufacturing process [851]. PrintRite3D, is a group of software modules for real-time 

process control and quality assurance for laser-based AM. The software algorithms were 

specifically designed to work in conjunction with multi-sensors and hardware offered by 

Sigma Labs to measure the melt pool thermal energy density with a resolution down to 

100 microns [852]. The multi sensor pack comes with two photodetectors, a high-speed, 

single wave length pyrometer, and a sensor to collect signals from the scan head controller 

[853]. There are two software modules available the PrintRite3D INSPECT and the 

PrintRite3D CONTOUR. PrintRite3D INSPECT is for in-process inspection for metal 

AM that uses statistical analysis of the manufacturing process to produce part quality 

reports. Whereas, PrintRite3D CONTOUR is a real-time monitoring software for 

geometry checking. This is done by edge detection algorithms that verifies geometry 

during the building process layer by layer, allowing to compare the original build part 

with the CAD model [852]. 

Table 4. Summary of commercial monitoring systems for AM 

In-monitoring 
system 

Modules Developer 
AM 
system 

Failure mode monitored Equipment 

Materialise Control 
Platform & Inspector 

Materialise 
SLA, 
DMLS, SLS 

Complete control of the machine 
parameters, geometrical calibration 
of scan field, prediction and control 
of fabrication errors, optimization 
of slicing algorithms and toolpath 

• Software and 
hardware for control 
of AM machine 

PrintRite3D 
PrintRite3D 
INSPECT Sigma labs DMLS Melt pool energy density 

• Two photodetectors

• A high-speed, single 
wave length 
pyrometer 
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PrintRite3D 
CONTOUR (in 
development) 

• Sensor to collect X and 
Y command signals 
from the scan head 
controller  

EOSTATE monitoring 
suite 

EOSTATE basic EOS 
EOSINT M 
280 

Laser power, cooling system, build 
platform positioning, electrical 
system, build platform 
temperature, ambient temperature, 
air circulation system, oxygen 
concentration, dispensing system 
and collection vessel, laser scanner 
self-calibration. 

• Set of different 
sensors across the 
entire machine (no 
detailed information 
found) 

EOSTATE 
PowderBed 

EOS 
EOS M 
290 

Cavities, incomplete powder layer, 
and grooves 

• Integrated 1.3 
Megapixel industrial 
camera 

EOSTATE 
MeltPool 

EOS 
EOS M 
290 

Melt pool intensity profile 
• Two off-the-shelf 

photodiodes 

EOSTATE 
Exposure OT 

EOS 
EOS M 
290 

Scan speed, hatch distance 

• Optical tomography: 
NIR camera with 
resolution of 2560 x 
2160 pixels 

LayerQam   Arcam 
Arcam 
Q10plus 

Melt monitoring and porosity 
• NIR high-resolution 

camera 

xQam  Arcam 
Arcam 
Q10plus 

Electron beam autocalibration 
• X-ray detection system 

for electron beam 
autocalibration 

 

G-10: Visual inspection  

G-10 is an on-line visual inspection of the surface quality and dimensional deviations of 

semi-finished products. Some of the dimensional variations are caused during the rapid 

heating and cooling cycles during fabrication. To control these dimensional changes, after 

fabrication different heat treatments are performed depending on the type of AM system 

used. However, during the processes of detachment from the build platform, and removal 

of support structures (Fig 4) also dimensional variations and visible surface marks could 

be introduced. Therefore, at this quality control gate, the technician in charge of these 

activities is also in responsible of inspecting each component.  

It is well known that known defects of repeatable location are detected most successfully 

[635]. Consequently, proper training and experience play an important role in the 

performance of this task. If surface marks and dimensional deviations are encountered 

during in G-10, they should be reported in the master record of each component to take a 

closer analysis in the following quality control gate. 
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Figure 4. a) Removal of support structures of a component fabricated with an 

EBM system; b) A patient-specific scapula implant with support structures 

fabricated with an EBM system. 

G-11: Semi-finished product dimensional validation

G-11 is a rapid but detailed dimensional validation of the semi-finished components. This

quality control gate is required to identify dimensional deviations caused during the AM 

fabrication process. Some of these deviations can be caused by internal stresses when AM 

systems such as DMLS and Inkjet 3D printing are used [218, 566, 567]. These stresses 

are simulated in G-4 counteracting their effects with different heat treatments such as 

stress relief and annealing [219]. Nevertheless, computational simulations of complex 

objects are difficult to perform, so accurate predictions are not always obtained. 

Therefore, in this quality control gate the dimensional validation of components is 

performed by an expert that compares each component with the original design and its 

specified tolerances using basic measurement tools such as caliper and micrometer, as 

shown in Fig 5. Some of the critical areas to be measured are holes for future threads, and 

the height and width of the component using predetermined landmarks. Product quality 

deviations in this process are compared with pre-specified tolerances and categorised 

according to its criticality based on a ranking criterion. Then depending on the score 

obtained it is decided if the component is rejected or if requires a more detailed 

dimensional inspection. It is important to highlight that this type of quality control activity 

is highly sensible due to its subjective nature and dependency on expert knowledge and 

experience [854].  

b) a) 
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However, sometimes the geometrical complexity of freeform shapes of patient-specific 

implants does not allow to perform accurate metrological measurements using traditional 

tools such as the calliper and micrometre [855]. In this case a more detailed dimensional 

inspection is required. In this detailed dimensional inspection, a high-resolution point 

cloud is obtained by combining a contact coordinate measurement machine (CMM) and 

a 3D laser scanner improve measurement resolution and speed of both systems. The 3D 

object obtained from the combined point cloud is compared with the original design to 

generate a deviation map that allows the measurement critical component sections such 

as holes for future threads, spherical surfaces, and bearing surfaces including the surface 

roughness of the component. Then based on the deviation map with predefined tolerances 

limits, a report is generated to decide if the component is rejected or accepted. It is 

important to point out that at this point of the process the product does not have its final 

dimensions. Therefore, the process that follows this quality control gate, uses a CNC 5+1 

axis milling machine (Fig 6b) to take the product to its final dimensions based on the 

results of this quality control gate, and where holes for future threads are further drilled 

to match the required tolerances [856]. 

The reason behind using both technologies, CMM and a 3D laser scanner, is to combine 

their advantages and counteract their disadvantages. Contact CMM provides very 

accurate high-resolution data used to detect defects of defined geometries with high 

accuracy [857]. For example, the ALTERAS contact CMM used by Company A can 

detect defects of defined geometries with a high volumetric accuracy up to 1.8 µm [858]. 

However, contact CMM systems require long inspection times, and the data obtained is 

sparse making the inspection of freeform shapes a complex task. [859]. On the other hand, 

3D laser scanners are non-contact measurement systems capable of simultaneously 

measuring thousands of points per second making them ideal for freeform shapes [859]. 

For example, Company A uses a Nikon LC15Dx laser scanner mounted on the ALTERAS 

CMM for high precision parts (Fig 6a). This 3D laser scanner can take 70,000 points/s 

and intricate details of reflective materials with a proving error of 1.9µm without the need 

of toxic spray treatments [860]. Despite 3D laser provide a dense point cloud the 

downside is that the resulting point cloud frequently have noise data that requires further 

processing methods such as mesh refinement [861]. Therefore, by simultaneously using 

both technologies it is possible to obtain and accurate virtual representation of the real 

implant to perform detailed and fast metrological checks compared with micro-CT 

scanners.  
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Figure 6. a) Nikon LC15Dx laser scanner for metrology inspection of semi-finished 

patient-specific implants; b) CNC 5+1 axis milling machine to taking a patient-

specific acetabular cup to its final dimensions. 

Figure 5. (a) and (b), show a visual inspection of a semi-finished patient-specific 

implant performed with traditional measurement tools. 

G-12: Periodic inspection of material microstructure and 

chemical composition  

G-12 is a metallographic periodic inspection that takes place in order to certify that each 

manufactured batch complies with the required chemical composition and microstructure 

standards for its specific use. As metallographic examinations are considered destructive 

tests, this quality control gate uses test coupons that are built within each batch. The 

location and orientation of these test coupons should correspond to the worst-case 

scenarios previously identified in G-8. The chemical analysis for titanium alloys may be 

performed by X-Ray fluorescence (XRF) spectrometry following the ASTM standard 

b) a) 

a) b) 
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E539 [862]. Additionally, according to ASTM standard F2924, the chemical composition 

of titanium Ti-6Al-4V alloy final products produced with AM Powder Bed Fusion made 

should be within the required limits, previously presented in Tables 2 and 3. Moreover, 

according to the ASTM standard F2924 [519] “the alpha case is not permitted on a 

metallurgical cross section at 100X magnification”. Therefore, Ti–6Al–4V alloy 

components have to be descaled and cleaned following the STM guide B600 [519]. 

It is known that when titanium and titanium alloys are heat treated above 480○C, they 

easily form a hard and brittle oxygen contaminated layer known as alpha case. This alpha 

case has detrimental effects on titanium mechanical properties such tensile ductility and 

fatigue resistance [863]. Moreover, the rapid heating and cooling cycles produced during 

the additive manufacturing process of powder bed fusion systems can affect the 

microstructure of metals. At the microscopic scale, metal microstructures can be seen as 

grains that can vary in shape and size and distributions according to the crystal structure 

of the material. These microscopic features can be qualified, measured, and compared to 

determine if the sample satisfies a predetermine criteria [864]. Microstructures have a 

strong influence on material mechanical and chemical properties [865]. In the case of 

titanium alloys, they are classified in four main groups depending on their crystal 

structure at room temperature. These groups are α phase alloys (HCP crystal structure), 

near α alloys, α+ β alloys, and β phase alloys (BCC crystal structure) [56]. Titanium Ti–

6Al–4V alloy crystal structure is α+ β. Thanks to the combination of these two phases 

this alloy has high strength, low modulus of elasticity, and high corrosion resistance 

[102]. Making this alloy ideal for cardiovascular and bone implant applications [3, 59]. 

Metallographic examinations are performed using a light optical microscope or a 

scanning electron microscope [866]. According to the ASTM standards F1472 [867] and 

F2924 [519] the microstructure of final net shape components made of Ti–6Al–4V alloy 

“shall essentially consist of an equiaxed and/or elongated primary alpha in a transformed 

beta matrix with no continuous network of alpha at prior beta grain boundaries” [867]. 

The required standards to prepare metallographic specimens and to examine the 

microstructure of metals and alloys such as Ti-6Al-4V are the ASTM standards E3 and 

E407, respectively. The ASTM E3 standard describes how specimens should be selected 

and prepared to minimise alteration of metal microstructure in order to provide adequate 

data to reveal the maximum variations within the produced batch [866]. On the other 

hand, the ASTM E407 is a standard method for etching a metal sample to reveal its 
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microstructure. This standard provides the necessary information such as chemical 

solutions and procedures for each metal and alloys for microscopic examination [868].  

The results of the metallographic examinations should be reported in the device master 

record with microphotographs of the material microstructure along with a paragraph 

containing an interpretation of the results [866]. The test results of this quality control 

gate are used as a criterion for acceptance or rejection of an entire batch. If a batch is 

rejected appropriate heat treatments can help to adjust the material microstructure and in 

some cases material chemistry to the required standards. 

Figure 7. a) Metallographic examination with light optical microscope of a patient-

specific component; b) X-Ray fluorescence (XRF) spectrometer. 

G-13: Defectoscopy and dimensional analysis

G-13 uses a micro-CT scanner to control three different product critical quality attributes

with a non-destructive test. The first attributes to control are the dimensional deviations 

of the implant final shape in relation to the virtual original design. As explained before 

some dimensional variations are introduced during the fabrication process and from the 

detachment of support structures and build platform. However, according to the AM 

engineers from the three studied companies post processes such sandblasting, and 

polishing removes a great amount of material from the implant surface reaching up to 200 

µm or even more for manual processes.  

The second product critical quality attribute to control is material integrity. This is due to 

the fact errors during the fabrication process with Powder Bed Fusion systems can 

introduce internal and external porosities in the material. Some of these internal porosities 

are caused by unfused particles due to defects on the coater blade [548], and wrong 

a) b) 
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machine settings such as laser focus and power [849]. The third attribute to control is the 

implant’s biological safety, which can be affected by the quantity of trapped particles in 

trabecular and lattice structures. Inclusion of particles in patient-specific implants is 

caused during the fabrication, and post processing processes such as sandblasting and 

polishing [217, 492], as shown in Fig 8. During this study it was identified that all the 

companies studied developed their own confidential technologies to extract these 

particles from the implant trabecular structures. According to the AM Engineers and 

Quality Managers of the studied companies, a 100 percent extraction of particles is not 

possible yet. Nevertheless, Company B is able to extract powder particles up to 60% over 

the regulatory allowance with their own in-house developed system.  

Micro-CT scanners are excellent tools that allows to perform defectoscopy and 

dimensional analysis in a single test [261]. Micro-CT scanners can detect internal cracks, 

inclusion of particles, and porosity in materials in just a few in seconds, making them 

suitable for in-line inspections [573]. Moreover, this is the only non-destructive 

technology available that can measure inner and outer geometries of complex parts with 

microns of accuracy [573]. This technology is also capable of taking high accuracy 

images of nano-size cross sections giving 10,000 times more resolution than conventional 

CT scanners and at a lower level of radiation exposure [451], being ideal for high 

precision implants [24].   

By using this technology Company A can control dimensional variations up to 7 µm. This 

is done by creating a digital 3D representation of the real implant in the same way as a 

3D volumetric reconstruction process, as presented in Fig 9c. Then in the same way as in 

the G-11, the original implant design is aligned with the 3D volumetric reconstruction of 

the real implant to identify dimensional deviations with a colour deviation map that allows 

the comparison of actual internal and external geometries with nominal values. Moreover, 

it is possible to look through the entire part to check the implant material integrity to 

identify internal pores, and powder particles trapped within the trabecular and lattice 

structures. The system that this company uses is a Nikon Metrology’s XT H 225 system 

which includes a Varian 4030 digital panel and Inspect-X software, capable of penetrating 

dense materials such titanium alloys, and can accommodate large parts up to 50 cm and 

15 kg, as shown in Fig 8 [869]. Moreover, this system can target spots as small as 3µm 

with micro focus x-ray source that provides a high-resolution 3D image [860]. Table 5 

shows a variety of standards related to non-destructive evaluation suitable for AM. 
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Figure 8. a) Powder cake containing EBM manufactured patient-specific implants; 

c) Blasting of the powder revealing manufactured components; c) Components

manufactured with the DMLS system.

Figure 9. a) Micro CT-scanner Nikon XT H 225; b) Example of an X-ray scan of 

acetabular cups; c) Volume Graphics VGStudio MAX 3 software. 

Table 5. Example of ASTM for non-destructive examinations with CT and Micro 

CT scanners. 

Standard 
designation code 

Standard 

ASTM E1316 Standard Terminology for Nondestructive Examinations 

ASTM E1441  Standard Guide for Computed Tomography (CT) Imaging 

ASTM E1570  Standard Practice for Computed Tomographic (CT) Examination 

ASTM E1814  Standard Practice for Computed Tomographic (CT) Examination of Castings 

ASTM E1695 Standard Test Method for Measurement of Computed Tomography (CT) System Performance 

ASTM E2767  
Standard Practice for Digital Imaging and Communication in Nondestructive Evaluation (DICONDE) for X-
ray Computed Tomography (CT) Test Methods 

ASTM F3259 Standard Guide for Micro-computed Tomography of Tissue Engineered Scaffolds 

ASTM F2450 
Standard Guide for Assessing Microstructure of Polymeric Scaffolds for Use in Tissue-Engineered 
Medical Products 

ASTM E3147 
Standard Practice for Evaluating DICONDE Interoperability of Nondestructive Testing and Inspection 

Systems 

ASTM E1817  
Standard Practice for Controlling Quality of Radiological Examination by Using Representative Quality 

Indicators (RQIs) 

ASTM E3169 Standard Guide for Digital Imaging and Communication in Nondestructive Evaluation (DICONDE) 

ASTM E2339  Standard Practice for Digital Imaging and Communication in Nondestructive Evaluation (DICONDE) 

a) c) b) 

a) b) c)
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G-14: Periodic inspection of mechanical properties 

The static mechanical properties of as built, milled, and heat-treated titanium Ti6Al4V 

alloy components fabricated with DMLS and EBM can fall over the required values of 

the ASTM standard F2924 [865, 870, 871]. However, their strong dependency on part 

orientation and location within the build volume is a major concern to the final quality of 

patient-specific implants. Therefore, to guarantee consistent mechanical properties, the 

objective of G-14 is to perform periodic tests of each manufactured batch. For this the 

FDA recommends the use of test coupons for tensile and micro-hardness tests [294]. The 

test coupons should be built within each batch, and their location and orientation within 

the build volume shall correspond to the worst-case scenarios previously identified in G-

8, in a similar way as presented in Fig 10. Moreover, the mechanical properties presented 

in Table 3 should be used as reference for this gate. 

Figure 10. a) Test coupons located in worst-case scenarios between nested patient-

specific implant components; b) Cross section of test coupons located in worst-case 

scenarios between acetabular cups. 

G-15: Surface and coating characterization  

Implant surface characteristics are critical for the evaluation of medical devices 

functionality, safety and quality. Many physical and chemical surface modification 

methods have been developed to improve biological, chemical, tribological, and 

mechanical properties of titanium implants [489], such as osseointegration, corrosion 

resistance, wear resistance, bioactivity, biocompatibility, and blood compatibility [79, 

419]. Some surface modification methods are aimed to change surface characteristics at 

b) a) 
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the microscale, while others act at nanometre level or a combination of both [19, 79, 102]. 

However, different sections and components of patient-specific implants require distinct 

surface characteristics. For example, the implant areas that are in direct contact with bone 

is preferred a high roughness to improve cell attachment [254], whereas smooth polished 

surfaces are required in load bearing surfaces to reduce friction and wear [102]. To 

achieve high surface area in some patient-specific implants, lattice and trabecular 

structures are built during the additive manufacturing process. In the case of smooth 

surfaces, a high gloss finish with surface roughness of Ra < 0.2 μm are achieve through 

a series of fine grinding and polishing processes to create a perfect surface finish. 

Moreover, even though many titanium alloys are biocompatible, they must be treated to 

fulfil all the clinical requisites [102].  

In general surface roughness measurement methods are classified in contact and non-

contact. The most common contact method is stylus profilometry as the most surface 

finish standards are written for these profilometers [872]. Nevertheless, the disadvantages 

of the stylus profilometry are that is destructive surface measurement method that creates 

scratches and surface damage, and cannot be used for topography description of 

nanostructured surfaces already present in some commercial implants [873]. On the other 

hand, non-contact methods use areal topography measurement for characterization of 

surface topography with 2D and 3D parameters proving a 3D topographical map of the 

surface with more detailed information [874].  

Due to the importance of controlling micro and nano surface characteristics in patient-

specific implants, the aim of G-15 is to verify that the different implant surfaces follow 

the required specifications. However, surface roughness values are dependent on the scale 

of measurement [875]. Therefore, micrometric and nanometric features should be 

characterized separately [874]. In industry the most used standards for topography 

characterization are the ISO 25178 and the ISO 4287. ISO 25178 is a group of 17 

documents and guidelines that describe and define areal parameters for different non-

contact methods, whereas ISO 4287 provides general terms, definitions and surface 

texture parameters [876]. However, the ISO 4287 standard will be replaced by the ISO/NP 

21920-2 which is under development. Examples of different standards for surface 

topography characterization are shown in Table 6. 
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Figure 11. a) Scapula implant coated with titanium nitride (TiN) to reduce wear 

and minimise ion release; b) Surface roughness test with stylus profilometer on a 

non-coated patient-specific acetabular cup. 

Table 6. Example of some ASME, ASTM and ISO standards for surface 

topography characterization. 

Standard 
designation code 

Standard 

ASME B46.1 Surface Texture (Surface Roughness, Waviness, and Lay) 

ASTM F2791 Standard Guide for Assessment of Surface Texture of Non-Porous Biomaterials in Two Dimensions 

ISO 4287 
Geometrical Product Specifications (GPS) -- Surface texture: Profile method -- Terms, definitions and 
surface texture parameters 

ISO 4288 
Geometrical Product Specifications (GPS) -- Surface texture: Profile method -- Rules and procedures for 
the assessment of surface texture 

ISO 3274 
Geometrical Product Specifications (GPS) -- Surface texture: Profile method -- Nominal characteristics of 
contact (stylus) instruments 

ISO 25178-1:2016  Geometrical product specifications (GPS) -- Surface texture: Areal -- Part 1: Indication of surface texture 

ISO25178-2 
Geometrical product specifications (GPS) -- Surface texture: Areal -- Part 2: Terms, definitions and surface 
texture parameters 

ISO 25178-3 Geometrical product specifications (GPS) -- Surface texture: Areal -- Part 3: Specification operators 

ISO 25178-6:2010  
Geometrical product specifications (GPS) -- Surface texture: Areal -- Part 6: Classification of methods for 
measuring surface texture 

ISO 25178-600  
Geometrical product specifications (GPS) -- Surface texture: Areal -- Part 600: Metrological characteristics 
for areal topography measuring methods 

ISO 25178-601  
Geometrical product specifications (GPS) -- Surface texture: Areal -- Part 601: Nominal characteristics of 

contact (stylus) instruments 

ISO 25178-602 
Geometrical product specifications (GPS) -- Surface texture: Areal -- Part 602: Nominal characteristics of 

non-contact (confocal chromatic probe) instruments 

ISO 25178-603  
Geometrical product specifications (GPS) -- Surface texture: Areal -- Part 603: Nominal characteristics of 
non-contact (phase-shifting interferometric microscopy) instruments 

ISO 25178-
604:2013  

Geometrical product specifications (GPS) -- Surface texture: Areal -- Part 604: Nominal characteristics of 
non-contact (coherence scanning interferometry) instruments 

ISO 25178-605  
Geometrical product specifications (GPS) -- Surface texture: Areal -- Part 605: Nominal characteristics of 
non-contact (point autofocus probe) instruments 

ISO 25178-606  
Geometrical product specification (GPS) -- Surface texture: Areal -- Part 606: Nominal characteristics of 
non-contact (focus variation) instruments 

ISO 25178-607 
Geometrical product specifications (GPS) -- Surface texture: Areal -- Part 607: Nominal characteristics of 

non-contact (confocal microscopy) instruments 

a) b) 



Appendix J 

 

371 | P a g e  

 

G-16: Detailed periodic/random inspection of finished product 

Until this point of the production chain, the initial powder material has been transformed 

into a complex product through several processes to reach the final desired characteristics. 

In each of these processes different types of defects could have been imperceptibly 

propagated affecting the product overall mechanical properties. Most patient-specific 

joint implants are composed of standard and customised components that require to be 

assembled. To ensure the quality of standard components and standard implants 

manufactured with traditional methods, it is a common practice in industry to use 

destructive tests. These testing methods are based on random lot samples to statistically 

control the overall mechanical properties of a whole batch. This type of quality control 

method is very effective for mass production of standardised components.  

In the medical industry it is believed that performing destructive testing of customised 

components is not feasible due to the time and costs involved. However, understanding 

defect propagation in multistage manufacturing processes combined with AM is a 

complex task [462], especially if they produce small batches of customised products that 

benefit very little from statistical quality control techniques. Furthermore, some 

mechanical properties of AM metal parts may differ with those fabricated with wrought 

metals. For example, according numerous studies the high surface roughness used in 

patient-specific implants to improve bone healing [124], negatively affects properties 

such as fatigue limit and crack initiation [871]. The as built surface roughness of titanium 

AM parts has such impact on the mechanical properties that even hot isostatic pressing 

(HIP) has little effect in improving fatigue life [865, 871]; but in the absence of material 

defects, microstructure is the factor that dominates the fatigue performance and static 

mechanical properties [865, 870].  

In the case of modified and non-modified surfaces of metallic implants there are several 

surface characteristics that need to be controlled, such as hardness, layer thickness, shear 

fatigue strength, static shear strength, plastic deformation, and abrasion [877].  ISO 17327 

standard provide a framework for the design and test of coatings for non-active surgical 

implants [878]. For example, according to the FDA Guidance Document for Testing 

Orthopedic Implants with Modified Metallic Surfaces [877] the static shear and tensile 

strength of the surface/substrate interface must exceed 20 MPa, and should be tested 

following the ASTM F 1044 and ASTM F 1147 respectively.  
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Taking all this into consideration, the aim of the G-16 is to perform a strict quality control 

of the final product that does not leave space for uncertainty, thus ensuring the long-term 

safety of patient-specific implants. For this purpose, this quality control gate is designed 

to test standard and bespoke components differently. The production of additively 

manufactured standard components has the advantage that they can be can easily be tested 

using statistical methods. Therefore, to guarantee tribological properties, and the static 

and dynamic mechanical properties each build batch of additively manufactured standard 

components, the objective of G-16 is to perform periodic random destructive tests. In the 

case of bespoke components, they can only be randomly tested if a strong data base is 

present. This data base should contain enough information about all the different 

variations of an implant family to be able to predict the mechanical behaviour of its 

different variations. If this is not the case, bespoke components should be manufactured 

with a twin coupon to be subjected to the same destructive tests of AM standard 

components. These tests should be performed not just to control quality, but also to create 

a strong data base for continuous improvement of the whole manufacturing process chain. 

In Tables 7 and 8 are listed various ASTM and ISO standards that should be considered 

for different types of bone implants and bone implant coatings. 

Table 7. Example of different standards mechanical tests for various types of 

implants. 

Standard 
designation 
code 

Standard 

ASTM F2033  
Standard Specification for Total Hip Joint Prosthesis and Hip Endoprosthesis Bearing Surfaces 
Made of Metallic, Ceramic, and Polymeric Materials 

ASTM F382 Standard Specification and Test Method for Metallic Bone Plates 

ASTM F1800 
Standard Practice for Cyclic Fatigue Testing of Metal Tibial Tray Components of Total Knee 
Joint Replacements 

ASTM F1801 Standard Practice for Corrosion Fatigue Testing of Metallic Implant Materials 

ASTM F1814 Standard Guide for Evaluating Modular Hip and Knee Joint Components 

ASTM F2267 
Standard Test Method for Measuring Load Induced Subsidence of Intervertebral Body Fusion 
Device Under Static Axial Compression 

ASTM F3122 Guide for Evaluating Mechanical Properties of Metal Materials Made via AM Processes 

ASTM F3140 
Standard Test Method for Cyclic Fatigue Testing of Metal Tibial Tray Components of 
Unicondylar Knee Joint Replacements 

ASTM F3187 Guide for Directed Energy Deposition of Metals 

ISO 7206-10 
Implants for surgery -- Partial and total hip-joint prostheses -- Part 10: Determination of 
resistance to static load of modular femoral heads 

STP1025 Factors That Affect the Precision of Mechanical Tests 

ASTM F2346 Standard Test Methods for Static and Dynamic Characterization of Spinal Artificial Discs 
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Table 8. Example of standard tests for different types of implant surfaces and 

coatings. 

Standard 
designation code 

Standard 

ASTM G171 Standard Test Method for Scratch Hardness of Materials Using a Diamond Stylus 

ASTM C 633 Standard Test Method for Adhesion or Cohesion Strength of Thermal Spray Coatings 

ASTM C1624  
Standard Test Method for Adhesion Strength and Mechanical Failure Modes of Ceramic 
Coatings by Quantitative Single Point Scratch testing 

ASTM F86  Standard Practice for Surface Preparation and Marking of Metallic Surgical Implants 

ASTM F1044 Standard Test Method for Shear Testing of Calcium Phosphate Coatings and Metallic Coatings 

ASTM F1147 Standard Test Method for Tension Testing of Calcium Phosphate and Metallic Coatings 

ASTM F1377 
Standard Specification for Cobalt28Chromium6Molybdenum powder for Coating of 
Orthopedic Implants  

ISO 14243-2 
Implants for surgery — Wear of total knee-joint prostheses — Part 2: Methods of 
measurement 

ISO 14602 Non-active surgical implants — Implants for osteosynthesis — Particular requirements 

ISO 14577 
Metallic materials — Instrumented indentation test for hardness and materials parameters 
— Part 4: Test method for metallic and non-metallic coatings 

ASTM F1978 
Standard Test Method for Measuring Abrasion Resistance of Metallic Thermal Spray Coatings 
by Using the Taber Abraser 

ASTM F2033 -   
Standard Specification for Total Hip Joint Prosthesis and Hip Endoprosthesis Bearing Surfaces 
Made of Metallic, Ceramic, and Polymeric Materials 

JIS H 8666 Test methods for ceramic sprayed coatings 

ISO/DIS 17327-1 Non-active surgical implants — Implant coating — Part 1: General requirement 

 

G-17: Visual inspection of finished products  

G-17 is a comprehensive off-line visual inspection of the final product. The aim of this 

quality control gate is to detect residual errors that could not be detected in previous 

stages. Here an inspector checks the overall quality of each implant and assembly, 

including all the product documentation from the previous quality control gates. In this 

quality control gate, an expert visually compares each component and assembly with the 

original design and its specified tolerances using basic measurement tools such as calliper 

and micrometre, as shown in Fig 12. This includes active attempts to test the relative 

movement between components. Some of the critical areas to be measured are holes, 

threads, assembly tolerances and movement, and the height and width of each component 

using predetermined reference points. Product quality deviations in this process are 

compared with pre-specified tolerances and categorised according to its criticality based 

on a ranking criterion. Then depending on the score obtained it is decided if the 

component is rejected or accepted.  
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According to Fox [879] there are four important stages that need to be followed during 

visual inspections. These stages are visual screening; finding a defect (“detection”); 

defect classification; decision that classifies a component. During visual screening the 

search for potential defects takes place. The effectiveness of human visual inspection can 

vary from 52% to 100% and depends on task complexity and training [635]. Room 

illumination can drastically affect inspectors’ visual performance. Therefore, for difficult 

and highly difficult inspection work 1000, and 2000 lux are recommended [880]. Visual 

screening strategy is also an important factor to take into account. According to See [881] 

systematic search is the most precise and efficient strategy. However, this type of search 

strategy requires perfect memory of previous scanned areas [881]. Therefore, to 

efficiently and accurately finding defects inspectors may use visual aids such as 

engineering drawings, including documents and standards that describe the type of errors 

that can be encountered [882]. Furthermore, previous knowledge about the most common 

locations of errors eliminates the need to rely on long-term memory, and increases 

inspectors success rates [635]. In regard to the decision of acceptance or rejection of 

components, it is important to highlight that this type of quality control activity is highly 

sensible due to its subjective nature and dependency on expert knowledge and experience 

[854]. Therefore, adequate training of cognitive abilities, procedures and the use of tools 

is vital [635]. If a component or assembly are accepted, then they are labelled to later be 

cleaned, sterilised and packed. Otherwise, depending on the type of quality issue they are 

send for rework or discarded. Nevertheless, discarded components are classified and 

stored. The purpose of this is that defective products can help to better understand the 

cause and roots of errors in order prevent similar mistakes to improve performance of the 

whole production chain. 

Figure 12. (a) and (b) show a detailed visual inspection of a finished patient-

specific implant; (c) visual inspection of a standard tibial component. 

 

c) b) a) 
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G-18: Sterilization and packaging validation  

Cleaning, disinfection, and sterilization, marking, labelling, and packaging of critical 

medical devices such as patient-specific implants are vital activities that if they are 

inadequately performed it can lead to adverse effects to patients such as infections and 

mortality/morbidity result in significant institutional costs [883]. Identification of 

potential contaminants that can influence the safety of patient-specific implants can 

represent a challenge for many manufacturers [884]. This is due to the fact that the 

evaluation and validation of cleaning, disinfection, and sterilization methods require an 

exhaustive knowledge of the manufacturing process, handling, and packaging [885]. 

Moreover, due to the geometrical complexity of patient-specific implants this type of 

medical products may undergo several cleaning and sterilization steps in order to 

guarantee their safety and biocompatibility [884]. However, cleaning, disinfection and 

sterilization of additively manufactured devices is not different than other medical 

devices within the same classification [492].  

Medical devices should be thoroughly cleaned prior to disinfection and sterilization in 

order to remove micro-organisms hidden behind proteinaceous or greasy matter [886].  

The goal of cleaning medical devices is to remove organic and inorganic particles and 

molecules coming from the previous manufacturing steps. Disinfection and sterilization 

are both decontamination processes. While disinfection is the process of eliminating or 

reducing harmful microorganisms from inanimate objects and surfaces, sterilization is the 

process of killing and stopping the reproduction of microorganisms such virus, fungi, 

bacteria and spores [257, 886]. There are different cleaning, disinfection, and sterilization 

methods available and their selection mainly depends on the implant’s material properties 

[887, 888]. However, there are no cleaning, disinfection, and sterilization processes for 

all different types of medical devices and materials [889]. Therefore, the efficiency and 

safety of the selected cleaning, disinfection, and sterilization processes should be 

considered when choosing a biomaterial, designing the device and choosing the 

packaging and sterilisation technique [886]. Moreover, in the case of titanium implants 

with modified surface it is critical to take into account the effects of cleaning and 

sterilization in surface properties [257]. It had been demonstrated that surface 

hydrophobicity and roughness are affected by these processes leading to the alteration of 

implant biological performance [257]. 
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During our visit to the premises of Company B, we identified that this company selected 

high-power ultrasound, washer-disinfectors, and gamma radiation as their cleaning, 

disinfection, and sterilization processes for coated and non-coated titanium implants. In 

an industrial setup, multi chamber ultrasonic cleaning machines and high-power 

ultrasound machines (Fig 13a, and 13b) are used to apply high-frequency sound waves to 

remove a variety of organic and inorganic contaminants such as oils, chips and powder 

material from metallic implants immersed in aqueous media. When high-frequency sound 

waves are transmitted through in an aqueous media, these pressure waves create 

cavitation bubbles that implode freeing contaminants from their bonds with the implant 

substrate [890, 891]. This cleaning process provides an excellent penetration and cleaning 

of small and intricate geometries such as the lattice/trabecular structures of patient-

specific implants without damaging the substrate [892, 893]. For ultrasonic cleaning the 

selection the appropriate chemical composition of the medium is an critical element no 

only to speed up the removal rate, but also to achieve a consistent cleaning process to 

meet production and quality demands [891].  

In order to inactivate microorganisms except some heat resistant viruses, cryptosporidia, 

and bacterial spore’s thermal washer disinfectors are used in the medical device industry 

[894]. Automatic washer-disinfectors combine cleaning and heat disinfection using 

demineralised water and moist, followed by a drying stage with saturated steam (Fig 13c) 

[895]. Consequently, these machines are only suitable for medical devices that are not 

vulnerable to wet heat at temperatures of up to 80oC [894]. Following the disinfection 

process, a gamma radiation sterilization process is performed to complete destruction of 

all viable micro-organisms including spores and viruses.  Gamma radiation is a cost-

effective industrial sterilization process for large batches of single-use items such as 

metallic implants [886, 895]. The sterility is achieved by keeping medical devices in the 

vicinity of a radioactive source of gamma radiation such as Cobalt-60 isotope [888]. The 

emission of gamma rays ionizes key cellular components such as DNA bonds preventing 

cellular division  and leading to death of microorganisms [888]. The advantage of Gamma 

radiation is that is a penetrating sterilant that can sterilize high-density products and its 

packaging with very little temperature effect without uncertain sterility after treatment 

[889]. The most commonly validated dose used to sterilize medical products is 25 

kiloGrays. Nevertheless, gamma radiation has detrimental effects in polymers such as 

Polyethylene (PE) and Ultra High Molecular Weight PE. Some of the adverse effects of 

gamma rays in these materials are oxidation and decreased crystallinity leading to 
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embrittlement of the polymer. To counteract these effects in polymers, gamma radiation 

is usually performed in an inert atmosphere or vacuum [886, 888]. 

Figure 13. (a) Automatic cleaning thermic disinfection; (b) Multi chamber 

ultrasonic cleaning; and (C) Ultrasonic cleaning of a patient-specific implants and 

femoral component of standard knee implants. 

Some of the risks related with marking, labelling, and packaging are implantation of 

wrong device due to wrong marking and labelling, infection, and premature revision 

surgery caused by defective packaging [896, 897]. Permanent marking of orthopaedic 

components is required for its traceability. Some of the risks related to wrong marking 

are implantation of wrong device and premature revision surgery [896]. Permanent 

marking in metallic components is usually performed with a laser (Fig 14a) to add 

information such as the manufacturer, material, lot number, model number, implant size, 

and whether an implant is intended for right limb or left limb reconstruction [898]. 

However, it is important to take into account that the location of laser marking can have 

detrimental effects in the fatigue life of load bearing implants [899]. Therefore, marking 

location and its effects on implant’s mechanical properties should be considered during 

the implant design process and in G-4.  

Figure 14. a) Laser marking of a patient-specific orthopaedic implant; b) Flexible 

packaging for knee primary endoprosthesis. 

c) b) a) 

a) b) 
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The objective of implant packaging is to provide an external barrier between the 

environment and the implant to ensure that the implant remains sterilized and intact until 

it reaches the operation room [897]. Package sealing and integrity are one of the main 

challenges in the implant industry [897]. Usually the implant designer is also responsible 

for the packaging design or selection of it. A well designed package system for 

orthopaedic implants is a factor that can provide to a company competitive advantage, 

thus details about packaging systems are well kept secrets by each company [897], Fig 

14b presents an example of a packaging system for an orthopaedic implant. However, 

issues with packaging orthopaedic implants can also represent serious financial costs, 

such as several cases of well-known companies due to large scale recalls [900, 901]. 

Considering the potential adverse effects caused by unwanted inorganic agents, and 

transmission of microorganisms such as bacteria, viruses and fungi during the fabrication, 

handling, and packaging of implants, the aim of the G-18 is to validate the performance 

and monitoring of each of different processes employed for disinfection, cleaning, 

sterilization, marking, labelling, and packaging. Sterilization can also leave toxic residues 

or by-products formed during sterilization. Therefore, the validation of these processes 

shall be performed under actual manufacturing conditions and with the products in its 

final packaging configuration [886]. The sterility validation of medical devices at 

industrial scale can be performed using a small number of product samples to determine 

the sterility assurance level (SAL) using sterilization product development and validation 

studies [888]. The SAL is the probability that a product is not sterile after a specified 

sterilization process [902]. Usually the maximum acceptable SAL is 10-6 [902]. After 

validation, also the efficiency of disinfection, cleaning, and sterilization processes most 

be routinely monitored on each cycle. Delivery of the sterilization process to the 

sterilization load shall be verified by confirming, that within specified tolerances, data 

obtained during routine processing are the same as data obtained during validation. 

Production engineers must check sterilization certificates, sterilization indicators to verify 

the minimum and maximum dosages of gamma radiation received by the product. When 

several sterilization processes are used, product release can be based on dosimetric 

release, parametric control, or process control [886]. Once the sterilization of products is 

verified an expiration date is labelled on each on sterilised product, then a final visual 

inspection is performed to confirm that each component was adequately marked based on 

patient information and intended used. After, the final visual inspection products are 

released for shipment. It is important to consider that to get the European Community 
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(EC) or FDA approval, the sterilization validation process requires functional and 

biocompatibility tests on the final packaged and sterilized products [883] which have to 

follow standards for these processes such as the ones presented in Table 9.  

Table 9. Example of standards for cleaning, sterilization, and biological evaluation 

of orthopaedic implants. 

Standard 
designation code 

Standard 

ANSI/AAMI 
ST79:2017 

Comprehensive Guide to Steam Sterilization and Sterility Assurance in Health Care 
Facilities 

ISO 19227:2018 Implants for surgery — Cleanliness of orthopaedic implants — General requirements 

ISO 10993-1 
Biological evaluation of medical devices -- Part 1: Evaluation and testing within a risk 
management process 

ISO 10993-3:2014  
Biological evaluation of medical devices -- Part 3: Tests for genotoxicity, carcinogenicity 
and reproductive toxicity 

ISO 10993-4:2017  
Biological evaluation of medical devices -- Part 4: Selection of tests for interactions with 
blood 

ISO 10993-5:2009 Biological evaluation of medical devices -- Part 5: Tests for in vitro cytotoxicity 

AAMI/ANSI/ISO 
11137-1 

Sterilization of health care products -- Radiation -- Part 1: Requirements for development, 
validation and routine control of a sterilization process for medical devices 

AAMI/ANSI/ISO 
11137-2 

Sterilization of health care products -- Radiation -- Part 2: Establishing the sterilization dose 

AAMI/ANSI/ISO 
11137-3 

Sterilization of health care products -- Radiation -- Part 3: Guidance on dosimetric aspects 
of development, validation and routine control 

ISO 11134 
Sterilization of health care products -- Requirements for validation and routine control -- 
Industrial moist heat sterilization 

ISO 11135:1994 
Sterilization of health-care products -- Ethylene oxide -- Requirements for the 
development, validation and routine control of a sterilization process for medical devices 

ISO 17664 
Sterilization of medical devices — Information to be provided by the manufacturer for the 
processing of resterilizable medical devices 

ISO 15883-1:2006 Washer-disinfectors -- Part 1: General requirements, terms and definitions and tests 

ISO 15883-2:2006  
Washer-disinfectors -- Part 2: Requirements and tests for washer-disinfectors employing 
thermal disinfection for surgical instruments, anaesthetic equipment, bowls, dishes, 
receivers, utensils, glassware, etc. 

ISO/CD 15883-5 
Washer disinfectors -- Part 5: Performance requirements and test method criteria for 
demonstrating cleaning efficacy 

 

Regarding, the main implant package it is important to inspect it in an exhaustive way to 

identify potential issues such as punctures, damage, or defective sealing. For the external 

package labelling there are also standards that need to be followed, in order to clearly 

present important information of the implant. This information is aimed facilitate implant 

storage and identification. The ASTM F2943 standard guide proposes a unified universal 

format package labelling that includes the layout and location of information, to facilitate 

product identification in hospitals inventory and operating room environment [903]. For 

more information about related standards for marking, labelling, and packaging refer 

Table 10.  
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Table 10. Example of ASTM and ISO standards for marking, labelling, and 

packaging for orthopaedic implants. 

Standard 
designation code 

Standard 

ASTM F86 Standard Practice for Surface Preparation and Marking of Metallic Surgical Implants 

ASTM F983 Standard Practice for Permanent Marking of Orthopaedic Implant Components 

ASTM F2943 - 14  
Standard Guide for Presentation of End User Labelling Information for Musculoskeletal 
Implants 

ASTM F1886 / 
F1886M   

Standard Test Method for Determining Integrity of Seals for Flexible Packaging by Visual 
Inspection 

ISO 11607 
Packaging for Terminally Sterilized Medical Devices -- Part 1: Requirements for Materials, 
Sterile Barrier Systems and Packaging Systems 

Revalidation 

According to the FDA any changes that are introduced at any point or the manufacturing 

process and products will lead to the need for revalidation [294]. Revalidation is required 

due to the  potential risks that can emerge in the workflow process such as: the medical 

device design; software update, machine settings; manufacturing location; manufacturing 

process [294]. For example, when software is updated some time unidentified software 

bugs or defects can be introduced [838]. Moreover, as best practice some of the 

participant companies of this study perform and annual assessment of validation to keep 

their processes calibrated and in check. 
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APPENDIX K 

Survey Documentation 

Appendix K-1. Research Invitation Letter 

My name is Daniel Martinez, a PhD candidate from Griffith University, Queensland, Australia. I am 
completing my research on the topic of design and fabrication 3D printed bone prostheses and scaffolds. 

The purpose of this study (GU Ref No: 2017/217) is to develop a robust new design framework for the 
development of custom 3D printed bone implants and scaffolds, through the adaption of the Quality by 
Design (QbD) approach and using quality risk management tools to help industry and research to optimize 
resources and accelerate product development time frames. Such adaptation of the QbD approach should 
facilitate product understanding to support innovation and efficiency by reducing of costs and waste. 

At this stage of my research, the goal is to develop a Failure Mode, Effects, and Criticality Analysis (FMECA) 
based on industry and research experience to assist academic translation and enhance practices across 
industry. The FMECA documents all possible risks of failure modes in a system design, determines effect of 
each failure on the product, and ranks each failure according to its severity, probability of occurrence, and 
detectability. The outcome is a list of the most critical risks on product quality, including preventive and 
corrective actions to mitigate these risks from an industry and research perspective. Consequently, the 
resulting FMECA can be used and implemented into current industries and research for product and process 
quality improvement. 

I hereby request to your company to please contribute towards this study providing your expert opinion on 
the design and fabrication of 3D printed bone implants in regard to product quality, by being interviewed and 
completing a quiz-based questionnaire. This requires experts in your company that are involved in quality 
assurance, CT image processing, implant design, mechanical simulation, 3D printing fabrication, 3D printing 
material processing, implant finishing, implant surface coating, implant sterilization, and project 
management. 

Your responses to any questions will be kept confidential and no documents will be published without your 
permission. Each interview, and questionnaire will be assigned with a number code to help ensure that 
personal identifiers are not revealed during the analysis and write up of findings. Also, any sensitive 
information will be kept confidential. 

We will be happy to answer any questions you have about the study. If you are willing to participate please 
contact me at my e-mail address or my faculty advisor. 

Yours sincerely, 

Lead researcher Daniel Martinez 

Griffith School of Engineering 

Dr Christopher Carty 

Children's Health Queensland 
Hospital and Health Service 

Associated Professor Rodney A. 
Stewart 

Griffith School of Engineering 
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Appendix K-2. Research Consent Form 

Project leader: A/Prof. Rodney Stewart 
Student Researcher: Daniel Martinez  
Supervisors: Professor. Rodney Stewart, Dr Christopher Carty, and Dr Ali Mirnajafi     
Institution: Griffith School of Engineering 
Project Title: Adaptation of Quality by Design for the Development of Custom 3D Printed 
bone Prostheses and Scaffolds 

I have been given information about the research project (GU Ref No: 2017/217) entitled 
adaptation of quality by design for the development of custom 3D printed prostheses and 
scaffolds by Daniel Martinez who is conducting this research as part of his PhD at Griffith 
University. I understand that, if I consent to participate in this project, I will be asked to answer 
questions and provide comments related to your current knowledge and expertise related to a 
process or activity within the design and fabrication of custom 3D printed bone prostheses.  

I understand that the information I may provide will be considered confidential and anonymous. 
The summary of results may be used by the project leader to identify the most critical risks on 
product quality, including preventive and corrective actions to mitigate these risks. The final 
research outcome will be a Failure Mode, Effects, and Criticality Analysis (FMECA) containing 
the information mentioned before. The information will be provided through a semi-structured 
interview, and a questionnaire at my own convenience. I understand that the research may 
include audio recording of my participation. The research results will be reported in an academic 
thesis/ may also be disseminated via journal articles and / or conference presentations. 

I understand that my participation in this research is voluntary, I am free to refuse to participate 
and I am free to withdraw from the research at any time. My refusal to participate or withdrawal 
of consent will not affect my relationship with Griffith University. If I have any enquiries about the 
research, I can contact A/Prof. Rodney Steward (7 5552 8778). If I have any concerns or 
complaints regarding the way the research is or has been conducted, I can contact the Manager, 
Research Ethics to 07 3735 4375 or research-ethics@griffith.edu.au. 

By signing below, I am indicating my consent to participate in the above-mentioned research 
questionnaire as it has been described to me in the information sheet provided by Daniel Martinez. 

Signed ....................................................................... 

Name (please print) ....................................................................... 

Date……………………………………………….. 

Please also indicate whether you consent that the interview be tape recorded or not: 

□ I consent that the interview be tape recorded.

□ I DO NOT consent that the interview be tape recorded.

□ Not Applicable.

mailto:research-ethics@griffith.edu.au
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Appendix K-3.  Participation Information Sheet 

You are invited to take part in a research study (GU Ref No: 2017/217) to identify through your 
expert opinion the most critical risks on product quality, including preventive and corrective actions 
to mitigate these risks. This research is part of a PhD dissertation conducted in the School of 
Engineering at Griffith University. 

Before you decide whether to take part in the study it is important that you understand what the 
research is for and what you will be asked to do. Please take time to read the following information. 

Purpose of study: 
The purpose of this study is to perform an adaptation of the Quality by Design (QbD) system for 
the development of custom 3D printed prostheses and scaffolds. The QbD system was created 
by the US Food and Drug Administration (FDA) in 2004, which aims to carefully design products, 
services and processes considering all aspects of their life cycle. The result is a flexible regulatory 
framework designed to improve manufacturing processes and enhance product quality using risk 
management techniques. At the current stage of this study, the main objective is to create a 
Failure Mode, Effects, and Criticality Analysis (FMECA). This documents all possible risks of 
failure in a system design, determines the effect of each failure on the product, and ranks each 
failure according to its severity, probability of occurrence, and detectability, thus facilitating the 
identification of preventive and corrective actions to mitigate risks. 

The early adaptation of the QbD can be used to assist and guide the planning of the design, and 
prototyping phases of 3D printed implants, while controlling risks, improving quality and reducing 
costs. Furthermore, QbD can provide well-established design and manufacturing procedures to 
the clinical industries towards easy integration into the market. Consequently, these robust 
procedures can be translated into quality improvement and reduced failure rates. 

This adaptation of QbD will help industry and researchers to optimize resources and accelerate 
product development in this field of study. Therefore, the QbD system will serve as a guide for 
fellow researchers and industry to help to design reliable products and processes necessary to 
obtain clinical approval. 

Participants: 
Specifically, the study requires experts involved in 3D printing quality assurance, CT image 
processing, implant design, mechanical simulation, 3D printing fabrication, 3D printing material 
processing, implant finishing, implant surface coating, implant sterilization, and project 
management. 

Exclusion criteria include: 

• People who do not meet the above inclusion criteria

What will participants be required to do? 
You will require to participate in a semi structured interview and complete a questionnaire 
(expected completion time 45 min). The questions are designed to identify through your expert 
opinion the most critical risks to product quality of 3D printed bone implants, including preventive 
and corrective actions to mitigate these risks. You will be asked to sign a consent form at the start 
of the questionnaire. 

How will the study findings be used? 
The information gained from this research will be used to develop a Failure Mode, Effects, and 
Criticality Analysis (FMECA). Moreover, the results of this study will provide a foundation for future 
work towards the adaption of the QbD system for TNTs-based bone/dental implants. 
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Are there any risks? 

In relation to the potential risks associated with the project, there are no foreseeable risks 
associated with participation in this research. 

How will your information be collected, stored and used? 
Your responses to any questions will be kept confidential and no documents will be published 
without your permission. Each interview will be assigned a number code to help ensure that 
personal identifiers are not revealed during the analysis and write up of findings. Also, any 
sensitive information will be keep confidential. However, other research data (questionnaire 
responses and analysis) will be retained in a locked cabinet and/or a password protected 
electronic file at Griffith University for a period of five years before being destroyed. Moreover, 
research results will be reported in an academic thesis, and may also be disseminated via journal 
articles and / or conference presentations. 

Privacy statement: 
The conduct of this research involves the collection, access and/ or use of your identified personal 
information. The information collected is confidential and will not be disclosed to third parties 
without your consent, except to meet government, legal or other regulatory authority 
requirements.  A de-identified copy of this data may be used for other research purposes.  
However, your anonymity will at all times be safeguarded. For further information consult the 
University’s Privacy Plan at http://www.griffith.edu.au/about-griffith/plans-publications/griffith-
university-privacy-plan or telephone (07) 3735 4375. 

Ethics approval to conduct this study: 

This study has been reviewed and approved by the Ethics Committee at Griffith University 
(Griffith University ethics reference number: 2017/217) 

We will be happy to answer any questions you have about the study. Please contact me at my 
e-mail address or my faculty advisor.

If you have any concerns or complaints regarding the way the research is or has been conducted, 
you can contact the Manager, Research Ethics to (07) 3735 4375 or research-
ethics@griffith.edu.au. 

Contact details of research team: 

Daniel Martinez 
Research Student 
daniel.martinezmarquez@griffith.edu.au 
Mob: 0455 587300 

Dr Christopher Carty 
c.carty@griffith.edu.au
Queensland Paediatric 
Rehabilitation Service, 
Children's Health 
Queensland Hospital 
and Health Service  
QLD 4101, Brisbane 
Telephone +61 (7) 
30697194 

A/Prof. Rodney Stewart   
r.stewart@griffith.edu.au
Griffith School of 
Engineering 
Gold Coast Campus 
Griffith University 
Gold Coast Campus, 
QLD 4222 
Australia 
Telephone +61 (7) 5552 
8778 
Facsimile: +61 (7) 5552 
8065 
www.griffith.edu.au 

http://www.griffith.edu.au/about-griffith/plans-publications/griffith-university-privacy-plan
http://www.griffith.edu.au/about-griffith/plans-publications/griffith-university-privacy-plan
mailto:%20research-ethics@griffith.edu.au
mailto:%20research-ethics@griffith.edu.au
mailto:daniel.martinezmarquez@griffith.edu.au
mailto:c.carty@griffith.edu.au
mailto:r.stewart@griffith.edu.au
http://www.griffith.edu.au/
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APPENDIX L 

Appendix L-1. Data Availability Statement 

Data collection 

A systematic search was conducted following the Prisma statement [359] to identify the 

critical quality attributes of nano-engineered surfaces for bone implant applications, and 

to support the findings of the survey. The search was performed in Google Scholar and 

Science Direct databases until 26th of February 2019. For the first search the terms used 

were: nano surface; bone. These terms were connected to independent keywords using 

Boolean operators (AND, OR) in order to narrow down search. The connected 

independent keywords were: mechanical; physicochemical; and cellular. For the second 

search the terms used were: TNTs; TiO2 nanotubes; and titania nanotubes. These terms 

were connected to independent keywords using Boolean operators (AND, OR) in order 

to narrow down search. The connected independent keywords were: mechanical; 

physicochemical; and cellular. 

Search strategy for questions: 

• What are the CQA of nanoengineered surfaces for bone implants?

• What is the influence of each TNT characteristics on the CQAs of nano-

engineered surfaces for bone implants?

The two search phrases were used: 

("nano surface AND bone”) AND (“mechanical” OR “physicochemical” OR 

“cellular”) 

("TNTs" OR "titania nanotubes" OR “TiO2 nanotubes”) AND (“mechanical” OR 

“physicochemical” OR “cellular”) 
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Table 1. Search strategy for first question, custom range 2000-2019 only journal 

papers. 

Data Base Records identified Total 

Google Scholar 242,000 298,804 

Science Direct 56,804 

Duplicates 32,100 266,704 

Table 2. Search strategy for second question, custom range 2000-2019 only journal 

papers. 

Data Base Records identified Total 

Google Scholar 21,100 33,200 

Science Direct 12,100 

Duplicates 6,430 26,770 

Figure 1. Search strategy and selection of the studies used in google scholar and 

ScienceDirect databases.
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Study selection 

The studies from the systematic search were selected according to the following inclusion 

criteria: (1) peer-reviewed papers with full-text published in the last 19 years (2000-

2019); (2) empirical studies describing methodologies and experimental factors were used 

to control the mechanical, biological, and physicochemical properties of TNTs; (3) 

published in the English language; (4) assess the first 20 pages of the search results; (5) 

sort the search results by relevance. 

The criteria to select the participants for the questionnaire was based on their 

experience and expertise in the field of study. Moreover, taking into consideration that 

TNTs technology has not been translated into the commercial implant industry, only 

researchers in the field of nano- engineered surfaces with TNTs via EA, orthopaedic 

implants, bone biology and bone/dental implant interaction were selected. It has to be 

pointed out that the sample size of this study was limited by the number of researchers in 

the field of nano-engineered implant surfaces and TNTs. Therefore, this study is 

characterized by small samples, however the samples involved detailed and extensive 

work [378]. Consequently, the snowball sampling method was selected since it allows for 

further study participants to be suggested or introduced from the participant’s  network 

[377].  

Data extraction and analysis 

Systematic search 

For the systematic search, full-text screening was independently performed by the 

authors. Any discrepancy between the reviewers was resolved by a consensus meeting. 

The articles were thoroughly reviewed, analysed and classified based on the following 

information: mechanical properties of TNTs, biological properties of TNTs, and 

physicochemical properties of TNTs, as shown in Table 2. Additionally, the reference list 

from collected papers was systematically reviewed to identify further items. Once all 

applicable literature was identified the QbD system was specifically formulated for the 

fabrication of TNTs. 
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Table 3. Studies selected in the systematic search according to information related 

to TNTs’ biological, mechanical, and physicochemical properties. 

Code Paper title Ref Year Biological Mechanical Physicochemical 

S1 
Significantly accelerated osteoblast cell growth on aligned TiO2 

nanotubes 
[134] 2006    

S2 
TiO2 nanotubes from stirred glycerol/NH4F electrolyte: 

Roughness, wetting behavior and adhesion for implant applications 
[724] 2009    

S3 
Role of crystallinity on the nanomechanical and electrochemical 

properties of TiO2 nanotubes 
[802] 2016  

  

S4 
Synthesis and mechanical/electrochemical characterization of TiO2 

nanotubular structures obtained at high voltage 
[808] 2015  

  

S5 
Effect of microstructural evolution on wettability and tribological 

behavior of TiO2 nanotubular arrays coated on Ti–6Al–4V 
[804] 2015  

  

S6 
Nanomechanics of biocompatible TiO2 nanotubes by interfacial 

force microscopy (IFM) 
[722] 2009  

  

S7 
Microstructure and deformation behavior of biocompatible TiO2 

nanotubes on titanium substrate 
[733] 2007    

S8 
Direct compressive measurements of individual titanium dioxide 

nanotubes 
[806] 2009  

  

S9 
Size effect on mechanical properties of TiO2 capped nanotubes 

investigated using in situ transmission electron microscopy 
[807] 2014  

  

S10 
Fabrication, geometry, and mechanical properties of highly ordered 

TiO2 nanotubular arrays 
[744] 2009  

  

S11 
Nanoindentation study of the mechanical behavior of TiO2 

nanotube arrays 
[805] 2015  

  

S12 
Synthesis, surface properties, crystal structure and dye sensitized 

solar cell performance of TiO2 nanotube arrays anodized under 

different voltages 

[800] 2017  
  

S13 Crack initiation, propagation and saturation of TiO2 nanotube film [809] 2012  
  

S14 Debonding phenomenon of TiO2 nanotube film [810] 2012  
  

S15 
Influence of geometry and crystal structures of TiO2 nanotubes on 

micro Vickers hardness 
[803] 2017  

  

S16 Titanium dioxide nanotubes enhance bone bonding in vivo [815] 2010  
  

S17 
Wettability, structural and optical properties investigation of TiO2 

nanotubular arrays 
[794] 2016   

 

S18 Fabrication of zero contact angle ultra-super hydrophilic surfaces [719] 2017   
 

S19 Fabrication of anti-aging TiO2 nanotubes on biomedical Ti alloys [793] 2014   
 

S20 
Characterization of the structure, thermal stability and wettability 

of the TiO2 nanotubes growth on the Ti–7.5 Mo alloy surface 
[747] 2016  

  

S21 
Photo-induced effects on self-organized TiO2 nanotube arrays: the 

influence of surface morphology 
[799] 2008   

 

S22 
Surface wettability of TiO2 nanotube arrays prepared by 

electrochemical anodization 
[778] 2016   

 

S23 
Improved bone-forming functionality on diameter-controlled TiO2 

nanotube surface 
[740] 2009   

 

S24 
Reduced inflammatory activity of RAW 264.7 macrophages on 

titania nanotube modified Ti surface 
[139] 2014   

 

S25 
The effect of anatase TiO2 nanotube layers on MC3T3‐E1 

preosteoblast adhesion, proliferation, and differentiation 
[140] 2010   
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S26 
Dual effects and mechanism of TiO2 nanotube arrays in reducing 

bacterial colonization and enhancing C3H10T1/2 cell adhesion 
[768] 2013  

S27 
Guided proliferation and bone-forming functionality on highly 

ordered large diameter TiO2 nanotube arrays 
[769] 2015  

S28 
How important are scaffolds and their surface properties in 

regenerative medicine 
[672] 2016 

S29 
Cell/material interfaces: influence of surface chemistry and surface 

topography on cell adhesion 
[706] 2010  

S30 
Biofilm formation on a TiO2 nanotube with controlled pore 

diameter and surface wettability 
[771] 2015  

S31 Diameter of titanium nanotubes influences anti-bacterial efficacy [130] 2011  

S32 
Narrow window in nanoscale dependent activation of endothelial 

cell growth and differentiation on TiO2 nanotube surfaces 
[766] 2009 

S33 
TiO2 nanotube surfaces: 15 nm—an optimal length scale of surface 

topography for cell adhesion and differentiation 
[765] 2009 

S34 
Effects of different sterilization techniques and varying anodized 

TiO2 nanotube dimensions on bacteria growth 
[260] 2013 

S35 Nanosize and vitality: TiO2 nanotube diameter directs cell fate [763] 2007 

S36 
Size selective behavior of mesenchymal stem cells on ZrO2 and 

TiO2nanotube arrays 
[764] 2009 

S37 Stem Cell Fate Dictated Solely by Altered Nanotube Dimension [761] 2009 

S38 
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[675] 2009 

S39 
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and cellular response 
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S40 
Inflammatory phase of bone healing initiates the regenerative 

healing cascade 
[405] 2012 
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[705] 2003 
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behaviour 
[713] 2009  

S44 
How important are scaffolds and their surface properties in 
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S46 Antibacterial titanium surfaces for medical implants [54] 2016 
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The interaction of cells and bacteria with surfaces structured at 
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[691] 2010 

S48 
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[674] 2004 
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[710] 2011  
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[422] 2012 

S51 
The relationship between the nanostructure of titanium surfaces 

and bacterial attachment 
[772] 2010 
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S52 Altered nanofeature size dictates stem cell differentiation [770] 2012 

S53 
Nanoscale TiO2 nanotubes as a basis for governing cell behaviors 

and application challenges 
[33] 2017  

S54 
Cell response of anodized nanotubes on titanium and titanium 

alloys 
[692] 2013 

S55 
Titania nanotubes for orchestrating osteogenesis at the bone-

implant interface 
[127] 2016 

S56 
The effect of annealing temperatures on surface properties, 
hydroxyapatite growth and cell behaviors of TiO2 nanotubes 

[776] 2011 

S57 Titania nanostructures: a biomedical perspective [777] 2015 

S58 
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interactions in orthopaedic implants 
[694] 2007 

S59 
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[695] 2007  

S60 Influence of implant surfaces on osseointegration [696] 2010  
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S64 
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surfaces 
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[707] 2011  
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S68 
Implants in bone: Part I. A current overview about tissue response, 

surface modifications and future perspectives 
[136] 2014 
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[650] 2016 

S70 
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[735] 2015 
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S77 
Fatigue strength of Ti-6Al-4V alloy with surface modified by TiO2 

nanotubes formation 
[811] 2016 
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Effect of the modification by titanium dioxide nanotubes with 
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[812] 2017 

S79 
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to Ti substrate 
[813] 2014 
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[814] 2009 

S82 Cell interaction with nanopatterned surface of implants [416] 2010  

S83 Characterization of biomaterials [417] 2013 
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[789] 2009 
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[685] 2002 
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alloy 
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[104] 2011 
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S123 Effects of titanium surface topography on bone integration [697] 2009 
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S124 
Implant osseointegration and the role of microroughness and 
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[698] 2014 
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S127 
A review on the wettability of dental implant surfaces II: biological 

and clinical aspects 
[708] 2014 

S128 Surface characteristics of dental implants: A review [716] 2018 
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Effect of nanoscale topography on fibronectin adsorption, focal 
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[717] 2010 

S130 
Enhanced osteoblast functions on anodized titanium with 

nanotube‐like structures 
[718] 2008 

S131 
Effects of surface charges on dental implants: past, present, and 

future 
[720] 2012 

S132 
Cell interactions with superhydrophilic and superhydrophobic 

surfaces 
[726] 2014 

S133 
Cell adhesive spectra along surface wettability gradient from 

superhydrophilicity to superhydrophobicity 
[727] 2017 

S134 one morphogenesis and surface charge [728] 1976 

S135 
Surface functionalized titanium thin films: zeta-potential, protein 

adsorption and cell proliferation 
[730] 2006 

S136 
Mechanics and electrostatics of the interactions between 

osteoblasts and titanium surface 
[731] 2011 

S137 
Manipulation of selective cell adhesion and growth by surface 

charges of electrically polarized hydroxyapatite 
[729] 2001 

S138 Hydroxyapatite: Coating controversies [732] 1995 

S139 
Induction plasma sprayed nano hydroxyapatite coatings on 

titanium for orthopaedic and dental implants 
[734] 2011 

S140 Nanotoxicology and nanoparticle safety in biomedical designs [736] 2011 

S141 
Plasma sprayed hydroxyapatite coatings on titanium substrates 

Part 1: Mechanical properties and residual stress levels 
[738] 1998 

S142 
Enhanced fatigue performance of porous coated Ti6Al4V 

biomedical alloy 
[742] 2011 

S143 Stress treatment theorem for implant dentistry [746] 2007 

S144 Tribological properties of titanium-based alloys [743] 2010 

S145 
Corrosion and wear behavior of thermally sprayed nano ceramic 

coatings on commercially pure Titanium and Ti–13Nb–13Zr 
substrates 

[745] 2010 
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S146 
Biofunctionalization of metallic implants by calcium phosphate 

coatings 
[749] 2019 

S147 
Relationship between hardness and fracture toughness in Ti–TiB2 

nanocomposite coatings 
[752] 2012 

S148 
Surface modification for titanium implants by hydroxyapatite 

nanocomposite 
[753] 2012 

S149 Toughness of Si alloyed high-entropy nitride coatings [750] 2019 

S150 Nano-scale wear: a review [754] 2012 

S151 Bio-tribocorrosion in dental applications [755] 2013 

S152 
Binding of plasma proteins to titanium dioxide nanotubes with 

different diameters 
[759] 2015 

S153 
Influence of the titania nanotubes dimensions on adsorption of 

collagen: an experimental and computational study 
[760] 2014 

S154 
TiO2 nanotubes for stimulated cell response: Control of cell-

surface interactions at the nanoscale 
[129] 2010 

S155 
TiO2 nanotube stimulate chondrogenic differentiation of limb 

mesenchymal cells by modulating focal activity 
[767] 2011 

S156 
Dual effects and mechanism of TiO2 nanotube arrays in reducing 

bacterial colonization and enhancing C3H10T1/2 cell adhesion 
[768] 2013 

S157 
Decreased Staphylococcus aureus biofilm growth on anodized 
nanotubular titanium and the effect of electrical stimulation 

[773] 2011 

S158 
Increased mesenchymal stem cell response and decreased 

staphylococcus aureus adhesion on titania nanotubes without 

pharmaceuticals 
[774] 2015 

S159 Titanium oxide nanotube arrays prepared by anodic oxidation [783] 2001 

S160 
Hydroxyapatite based and anodic Titania nanotube biocomposite 

coatings: Fabrication, characterization and electrochemical 
behavior 

[784] 2016 

S161 
Corrosion resistance for biomaterial applications of TiO2 films 
deposited on titanium and stainless steel by ion‐beam‐assisted 

sputtering 
[787] 1997 

S162 Density and Young’s modulus of thin TiO2 films [801] 1997 

S163 
Reduced bacterial growth and increased osteoblast proliferation 

on titanium with a nanophase TiO2 surface treatment 
[758] 2017 

S164 Nano-engineered titanium for enhanced bone therapy [690] 2013 

S165 
Drug-releasing nano-engineered titanium implants: therapeutic 
efficacy in 3D cell culture model, controlled release and stability 

[682] 2016 

S166 
Consume or Conserve: Micro-Roughness of Titanium Implants 

towards Fabrication of Dual Micro-Nano Topography 
[798] 2018 

S167 
Conversion of titania (TiO2) into conductive titanium (Ti) nanotube 

arrays for combined drug-delivery and electrical stimulation 
therapy 

[721] 2016 
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S168 
Titania nanopores with dual micro-/nano-topography for selective 

cellular bioactivity 
[762] 2018 

S169 
Optimizing anodization conditions for the growth of titania 

nanotubes on curved surfaces 
[737] 2015 

S170 
Advanced biopolymer-coated drug-releasing titania nanotubes 

(TNTs) implants with simultaneously enhanced osteoblast 
adhesion and antibacterial properties 

[775] 2015 

S171 
Understanding and augmenting the stability of therapeutic 

nanotubes on anodized titanium implants 
[651] 2012 

S172 
Insights into the role of material surface topography and 

wettability on cell-material interactions 
[779] 2010 

S173 
Drug diffusion, integration, and stability of nanoengineered drug‐

releasing implants in bone ex‐vivo 
[683] 2016 

S174 Review of titania nanotubes: Fabrication and cellular response [757] 2012

S175 Histodynamics of endosseous wound healing [688] 2000 

S176 Principles of bone healing [689] 2001 

Web based survey 

The questionnaire consisted of two main separate sections; one for the QCA and the other 

for TNT characteristics. Each participant had the option to choose one or both sections 

accordingly to their field of expertise. The questionnaire design was based on a matrix 

called the house of quality (HoQ) which is part of the Quality Function Deployment 

(QFD) method [661, 662]. The HoQ is a tool used to translate customer’s requirements 

into product design and to identify the design characteristics that best satisfy the 

customer’s needs [661]. Therefore, by using the HoQ, it is possible to find the TNTs 

characteristics that have more impact on implant performance, thus facilitating the 

identification of fabrication factors which need more attention during the quality control 

process. Nonetheless, the human mind interprets information and assess concepts in a 

subjective manner using linguistic terms, therefore it is not reasonable to use define and 

precise numbers. Therefore, fuzzy logic is an ideal approach to model, describe, and solve 

complex biomedical problems [665]. Subsequently, the assessment of the HoQ of this 

study was performed using symmetrical triangular fuzzy numbers (STFNs) so their 

vagueness can be captured thereby allowing a more accurate description of the decision-

making process. The HoQ matrix is composed by different sections that needs to be 

populated following 7 steps as represented in Fig 2. The following paragraphs will 

describe each of these steps. 
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Figure 2. House of quality model for this specific research study, highlighting the 

seven steps required of its use.

1. The first step of the HoQ is to identify the list of customer requirements denoted to

the left of the matrix as W1…..WM. In the case of this study this list was composed of 

the CQA of nano-engineered surfaces which were identified using the systematic 

search previously mentioned. Degree of importance of each CQA then was extracted 

by letting each survey’s participant to reveal their perception on the importance of 

each CQA based on a qualitative five rating scale proposed by Chan and Wu Chan 

and Wu [667], as shown in Fig 3. The qualitative nature of this rating scale is due to 

the fact that that people assess concepts in a subjective manner using linguistic terms, 

and it is not reasonable to use define and precise numbers. Therefore, the assessment 

of the qualitative rating scales of this study was performed using symmetrical 

triangular fuzzy numbers (STFNs) so their vagueness can be captured allowing a 

more accurate description of the decision-making process, as presented in Fig S4. 

This approach was developed for solving problems in which descriptions of objects 

are subjective, vague and imprecise Chan and Wu [667]. 
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Figure 3. Screenshot of the survey questions to identify the level of importance of 

the QCA of nano-engineered surfaces for bone/dental implants. 

Figure 4. Qualitative five rating scale for CQA and its corresponding triangular 

fuzzy numbers.

2. The second step requires to find the crisp and fuzzy relative importance of each CQA

by averaging the results obtained in the survey. The crisp relative importance of each

CQA is represented in the HoQ as g1... gM, and calculated as follow. Supposing that

the total number of respondents is K, the total number of CQA is M, and each CQA

is denoted as W1….WM   has a relative importance rating gmk assigned by each 

participant, as shown in Fig S2. Therefore, the resulting relative importance rating 

for WM is computed as: 

𝑔𝑀 =  (𝑔𝑀1 +  𝑔𝑀2 + ⋯ 𝑔𝑀𝐾)/𝐾 =  ∑
𝑔𝑀𝑘

𝐾

𝑘

𝐾=1

To find the fuzzy relative importance of each CQA, first it is need to covert each 

crisp rating, from the survey results, into their corresponding fuzzy number. For 

example, if participant 1 gives W1 a crisp rating of 7 which corresponds to a TFN of 

(6, 8) according to Fig 3. Then the fuzzy relative importance ratings are computed 
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by the arithmetic for STFNs. For example, the fuzzy relative importance rating of 

W1, g1, is computed by:  

𝑔1 =  ([6,8] + [8,9] + [6,8] + [7,9] + [8,9]) 5 =  [35,43] 5 = [7.0,8.6]⁄⁄

3. The third step consist in finding the TNTs characteristics that may impact the CQAs.

These TNTs characteristics should be located at the top row of the HoQ denoted as

H1….HN. In this study a total of eight TNTs characteristics were identified through 

the systematic reach, these characteristics are: tube length; inter-nano tube distance; 

wall thickness; interface oxide layer; pore diameter; amorphous structure; and 

anatase and rutile crystal structures 

4. The fourth step is to identify the level of influence of each TNT characteristic with

each CQA represented in the relationship matrix where each relationship is

represented as r11…r12…rmn as shown at the centre of the HoQ in Fig 2. The

relationship value between TNTs characteristics and QCA is determined by letting

each participant in the survey reveal their perceptions using a qualitative five rating

scale proposed by Chan and Wu [667] as shown in Fig 5. After collecting the scores

provided by each participant they were translated into crisp and fuzzy values (Fig

S6) and then averaged in the same way as described in Step 2, in order to obtain the

final values to be used in the relationship matrix.

Figure 5. Screenshot of the survey questions to identify the level of influence of 

each TNTs characteristic with the QCAs of nano-engineered surfaces. 
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Figure 6. Qualitative five rating scale to rating for relationship of TNT 

characteristics and CQA with its corresponding triangular fuzzy numbers. 

5. The fifth step of the HoQ requires to identify the absolute importance (AI) ratings of

the TNTs characteristics located at the bottom of the HoQ (Fig 2).  The crisp and

fuzzy AI ratings are calculated by multiplying the relative importance of each CQA

(g1... gM) with the level of influence of each TNT characteristic (r11…r12…rmn), to

then sum up the results of each column [904] as follow:

𝐴𝐼𝑛 =  𝑔1 × 𝑟1𝑛 +  𝑔2 × 𝑟2𝑛 + ⋯ + 𝑔𝑀 × 𝑟𝑀𝑛

= ∑ 𝑔𝑚 ×  𝑟𝑚𝑛,      𝑛 = 1,2, … , 𝑁.

𝑀

𝑚=1

 

With fuzzy numbers the fuzzy AI ratings are calculated in the same way as crisp 

numbers. For example, lets suppose that we have the following fuzzy relative 

importance of each CQAs g1 = [7.0, 9.0]; g2 = [4.0, 6.0]; g3 = [8.0, 10.0], and the 

fuzzy relative level of influence of H1 for the CQAs W1, W2, and W3, as r11 = 

[3.0,5.0], r21 = [0.0,2.0], r31 = [6.0,8.0]. Then the fuzzy the fuzzy relative importance 

rating for H1 is calculated as follows:  

𝐴𝐼1 = [7.0,9.0] × [3.0,5.0] + [4.0,6.0] × [0.0,2.0] + [8.0,10.0] × [6.0,8.0]

= [69.0, 137.0] 

6. After obtaining the crisp AI ratings of each TNT characteristic they can be

transformed into relative importance (RI) ratings simply dividing each value by the

total sum of all absolute importance ratings. In this way is possible to identify the
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level of influence of each TNTs characteristic based on the perception of the survey’s 

participants: 

𝑅𝐼𝑛 =
𝐴𝐼𝑛

∑ 𝐴𝐼𝑛
𝑁
𝑛=1

In the case when the fuzzy relative importance (RI) ratings are calculated, the results 

can be used to identify the TNTS characteristics with the higher fuzzy RI ratings. A 

RI with a high rating indicates strong relationships with high priority demanded CQA 

[905], indicating that working on this TNTs characteristic will improve surface 

performance and deliver great value to the customer [904, 906]. The fuzzy RI if TNTs 

characteristics are calculated by dividing all the STFNs by the maximum of their 

upper limits. From these scaled ratings we can see that, although the crisp and fuzzy 

ratings result in the same ranking order, however each fuzzy RI rating is a range 

covering various degrees of relative importance of the corresponding need. 

7. Finally, at the top of the matrix is the roof of the HoQ where the correlation of the

design characteristics are allocated to help to identify existing conflicts or constraints

between them [663]. It has to be noted that most of the time changes in one

engineering attribute may affect others. Therefore, the roof of the HoQ facilitates the

identification of the relationships between design variables in order to eliminate

negative relationships and contradictions [663]. Nevertheless, this section of the HoQ

was not covered by this study.
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Appendix L-2. Web-Based Questionnaire 
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APPENDIX M 

Survey Documentation 

Appendix M-1. Invitation Letter 

Dear, …… 

The purpose of this study, which is part of a PhD dissertation conducted in the School of 
Engineering at Griffith University, is to perform an adaptation of the Quality by Design (QbD) 
system for titania nanotube (TNTs) surfaces for bone/dental implant applications (GU ref no: 
2018/322). The main objective is to facilitate product understanding to support clinical translation, 
to help industry and researchers to optimize resources and accelerate product development. The 
QbD system was created by the US Food and Drug Administration (FDA) in 2004, which aims to 
carefully design products, services and processes considering all aspects of their life cycle. The 
result is a flexible regulatory framework designed to improve pharmaceutical manufacturing 
processes and enhance product quality. 

This study will provide a foundation for future work towards the adaption of the QbD system for 
TNTs-based bone/dental implants. 

The early adaptation of the QbD can be used to assist and guide the planning of the design, and 
prototyping phases of the nano-engineered implants, while controlling risks, improving quality and 
reducing costs. Furthermore, QbD can provide well-established design and manufacturing 
procedures to the clinical industries towards easy integration into the market. Consequently, these 
robust procedures can be translated into quality improvement and reduced failure rates. 
Moreover, this adaptation of QbD will help industry to optimize resources and accelerate product 
development periods in this field of study. 

I hereby request you to please contribute towards this study providing your expert opinion on 
‘fabrication of titania nanotube based bone/dental implants’, by completing an online quiz-based 
questionnaire (expected completion time 5-15 min). Your responses to the survey questions will 
be kept confidential and will be used to understand and analyse the QbD system for nano-
engineered implants. 

We will be happy to answer any questions you have about the study. 

Yours sincerely, 

Lead researcher Daniel Martinez 

Griffith School of Engineering 

Dr Christopher Carty 

Children's Health Queensland 
Hospital and Health Service 

Associated Professor Rodney A. 
Stewart 

Griffith School of Engineering
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Appendix M-2. Participation Information Sheet 

Adaptation of Quality by Design for the Development of Nano-Engineered 

Implants 

You are invited to take part in a research study to identify through your expert opinion the most 
influential TNTs characteristics towards augmenting bone/dental implants performance. This 
research is part of a PhD dissertation conducted in the School of Engineering at Griffith University. 

Before you decide whether to take part in the study it is important that you understand what the 
research is for and what you will be asked to do. Please take time to read the following information. 

Purpose of study: 
The purpose of this study is to perform an adaptation Quality by Design (QbD) system for titania 
nanotube (TNTs) surfaces for bone/dental implant applications. The main objective is to facilitate 
product understanding to support clinical translation, to help industry and researchers to optimize 
resources and accelerate product development. The QbD system was created by the US Food 
and Drug Administration (FDA) in 2004, which aims to carefully design products, services and 
processes considering all aspects of their life cycle. The result is a flexible regulatory framework 
designed to improve pharmaceutical manufacturing processes and enhance product quality. 

The early adaptation of the QbD can be used to assist and guide the planning of the design, and 
prototyping phases of the nano-engineered implants, while controlling risks, improving quality and 
reducing costs. Furthermore, QbD can provide well-established design and manufacturing 
procedures to the clinical industries towards easy integration into the market. Consequently, these 
robust procedures can be translated into quality improvement and reduced failure rates. 

This adaptation of QbD will help industry and researchers to optimize resources and accelerate 
product development time frames in this field of study. Therefore, the QbD system will serve as a 
guide for fellow researchers and industry to help to design reliable products and processes 
necessary to obtain clinical approval.  

Participants: 
Specifically, the study requires experts in the field of bone implant surfaces, and TNTs fabricated 
via electrochemical anodization. 

Exclusion criteria include: 

• People who do not meet the above inclusion criteria

What will participants be required to do? 
You will require to complete an online quiz-based questionnaire (expected completion time may 
vary between 5-15 min). The questions are designed to identify through your expert opinion the 
most influential TNTs characteristics towards augmenting bone/dental implants performance. You 
will be asked to sign a consent form at the start of the questionnaire. 

How will the study findings be used? 
The information gained from this research will offer insights of the most influential TNTs 
characteristics on bone/dental implant performance. Moreover, the results of this study will 
provide a foundation for future work towards the adaption of the QbD system for TNTs-based 
bone/dental implants. 
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Are there any risks? 
In relation to the potential risks associated with the project, there are no foreseeable risks 
associated with participation in this research. 
How will your information be collected, stored and used? 
Your responses to any questions will be kept confidential and no documents will be published 
without your permission. Each survey will be assigned a number code to help ensure that personal 
identifiers are not revealed during the analysis and write up of findings. Also, any sensitive 
information will be keep confidential. However, other research data (questionnaire responses and 
analysis) will be retained in a locked cabinet and/or a password protected electronic file at Griffith 
University for a period of five years before being destroyed. Moreover, research results will be 
reported in an academic thesis, and may also be disseminated via journal articles and / or 
conference presentations. 

Privacy statement: 
The conduct of this research involves the collection, access and/ or use of your identified personal 
information. The information collected is confidential and will not be disclosed to third parties 
without your consent, except to meet government, legal or other regulatory authority 
requirements.  A de-identified copy of this data may be used for other research purposes.  
However, your anonymity will at all times be safeguarded. For further information consult the 
University’s Privacy Plan at http://www.griffith.edu.au/about-griffith/plans-publications/griffith-
university-privacy-plan or telephone (07) 3735 4375. 

Ethics approval to conduct this study: 
This study has been reviewed and approved by the Ethics Committee at Griffith University and 
the University of Queensland Human Research Ethics Committees A & B (Griffith University 
ethics reference number: 2018/322) 

We will be happy to answer any questions you have about the study. Please contact me at my 
e-mail address or my faculty advisor.

If you have any concerns or complaints regarding the way the research is or has been conducted, 
you can contact the Manager, Research Ethics to (07) 3735 4375 or research-
ethics@griffith.edu.au. 

Contact details of research team: 

Daniel Martinez 
Research Student 
daniel.martinezmarquez@griffith.edu.au 
Mob: 0455 587300 

Dr Karan Gulati 
K.gulati@uq.edu.au
School of Dentistry  
The University of 
Queensland 
Herston, QLD 4006 
Telephone +61 (7) 
33658031 

Prof. Rodney Stewart  
r.stewart@griffith.edu.au
Griffith School of Engineering 
Gold Coast Campus 
Griffith University 
Gold Coast Campus, QLD 
4222 
Australia 
Telephone +61 (7) 5552 8778 
Facsimile: +61 (7) 5552 8065 
www.griffith.edu.au 

Prof. Saso Ivanovski 
S.ivanosvski@uq.edu.au
School of Dentistry  
The University of Queensland 
Herston, QLD 4006, Brisbane 
Australia 
Telephone +61 (7) 33658064 

http://www.griffith.edu.au/about-griffith/plans-publications/griffith-university-privacy-plan
http://www.griffith.edu.au/about-griffith/plans-publications/griffith-university-privacy-plan
mailto:%20research-ethics@griffith.edu.au
mailto:%20research-ethics@griffith.edu.au
mailto:daniel.martinezmarquez@griffith.edu.au
mailto:K.gulati@uq.edu.au
mailto:r.stewart@griffith.edu.au
http://www.griffith.edu.au/
mailto:S.ivanosvski@uq.edu.au
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Appendix M-3. Research Consent Form 

Project leader: Prof. Rodney Stewart 
Student Researcher: Daniel Martinez  
Supervisors: Prof. Rodney Stewart, Prof, Saso Ivanovski, and Dr Karan Gulati 
Institution: Griffith School of Engineering, Griffith University Gold Coast campus 
Project Title: Adaptation of Quality by Design for the Development of Nano-
Engineered Implants 

I have been given information about the research project (GU ref no: 2018/322) entitled 
Adaptation of Quality by Design for the Development of Nano-Engineered Implants 
by Daniel Martinez who is conducting this research as part of his PhD at Griffith 
University. I understand that, if I consent to participate in this project, I will be asked to 
answer questions (to an online survey) related my knowledge and expertise 
encompassing ‘nano-engineered titanium implants modified with titania nanotubes 
(TNTs)’.  

I understand that the information I may provide will be considered confidential and 
anonymous. The summary of results may be used by the project leader to qualitatively 
identify the most critical TNT characteristics for augmenting bone/dental implant 
performance, with focus on clinical translation. The information will be provided through 
an online questionnaire/survey at my own convenience. I understand that the research 
results will be reported in an academic thesis/ may also be disseminated via journal 
articles and / or conference presentations. 

I understand that my participation in this research is voluntary, I am free to refuse to 
participate and I am free to withdraw from the research at any time. My refusal to 
participate or withdrawal of consent will not affect my relationship with Griffith University. 
If I have any enquiries about the research, I can contact A/Prof. Rodney Steward (7 5552 
8778). If I have any concerns or complaints regarding the way the research is or has 
been conducted, I can contact the Manager, Research Ethics to 07 3735 4375 or 
research-ethics@griffith.edu.au. 

By signing below I am indicating my consent to participate in the above-mentioned 
research questionnaire as it has been described to me in the information sheet provided 
by Daniel Martinez. 

Signed ....................................................................... 

Name (please print) ....................................................................... 

Date……………………………………………….. 

mailto:research-ethics@griffith.edu.au



