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Abstract

:

Featured Application


Future interactive devices.




Abstract


Additive Manufacturing (AM) facilitates product development due to the various native advantages of AM when compared to traditional manufacturing processes. Efficiency, customisation, innovation, and ease of product modifications are a few advantages of AM. This manufacturing process can therefore be applied to fabricate customisable devices, such as bespoke interactive devices for rehabilitation purposes. In this context, a two-day workshop titled Design for Additive Manufacturing: Future Interactive Devices (DEFINED) was held to discuss the design for AM issues encountered in the development of an innovative bespoke controller and supporting platform, in a Virtual Reality (VR)-based environment, intended for people with limited dexterity in their hands. The workshop sessions were transcribed, and a thematic analysis was carried out to identify the main topics discussed. The themes were Additive Manufacturing, Generative Design Algorithms, User-Centred Design, Measurement Devices for Data Acquisition, Virtual Reality, Augmented Reality, and Haptics. These themes were then discussed in relation to the available literature. The main conclusion of this workshop was that a coherent design for AM tools is needed by designers to take AM considerations throughout the design process, since they lack the AM knowledge required to develop bespoke interactive devices.
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1. Introduction


The ISO/ASTM 52900 terminology standard defines Additive Manufacturing (AM) as a bottom-up technique that fuses materials to build a physical product, starting from a virtual 3D model. Material is introduced to “print” the equivalent physical product layer upon layer, as opposed to subtractive and formative manufacturing processes. In recent years, AM has brought about advancements in manufacturing and product development. This is due to the various advantages of AM compared to conventional top-down fabrication techniques, including a shorter time-to-product, production on demand, low costs for small lot sizes, improvements in product functionality, and greater freedom in design [1,2,3,4,5]. AM provides opportunities for innovative designs of complex geometries, which are impossible to produce with traditional manufacturing processes [6,7]. Additionally, a high degree of customisation in AM is feasible due to the fact that product-specific tooling is not required [6]. For these reasons, AM is no longer restricted to rapid prototyping, which until recently was its main application, but is being applied for the manufacturing of end-use products. One such potential application is in the design of highly bespoke devices meant for human–machine interaction. This application requires individual customisation [8,9,10], and AM meets the essential design and manufacturing requirements in the medical field [8,9,11,12].



Virtual Reality (VR) technology has existed for over thirty years, but in recent years it has gained popularity in various sectors due to its advantages, in particular enhancing the visualisation experience of the user. The dominant VR market is the entertainment world, notably in gaming. However, VR is being applied in other sectors including manufacturing, maintenance, cultural heritage, architecture, and healthcare. Regarding the latter, VR is being exploited for surgical intervention training and rehabilitation. Irrespective of the application, a device, similar to a gaming console, is required to enable users to play a “serious” game in an interactive and immersive VR environment. The primary purposes of a serious game goes beyond pure entertainment, such as to meet a rehabilitation purpose. However, most VR-based applications use an off-the-shelf controller, which for a certain category of end-users with limited hand and finger dexterity, may not be sufficiently comfortable to use.



Within this context, the project titled “Personalised Recovery through a Multi-User Environment: Virtual Reality for Rehabilitation” (PRIME-VR2) aimed to deliver a VR controller, fabricated with AM, which is purposely designed according to the person’s needs for rehabilitation purposes, rather than using an off-the-shelf device. The tailor-made wearable controller has been developed for three target users, namely, persons who have suffered a sports injury, post-stroke patients, and children with dystonia (suffering involuntary hand movements). The main reasons to adopt a VR-based rehabilitation approach are to reduce the duration of the therapy programme and to engage more the aforementioned user groups in the therapy, compared to the current traditional clinical practices.



This paper presents the principal themes generated from a two-day workshop titled Design for Additive Manufacturing: Future Interactive Devices (DEFINED). This workshop aimed at discussing the design for AM issues encountered throughout PRIME-VR2.



In the next section, the materials and methodologies used are discussed, followed by a review of the relevant literature, and results from the thematic analysis carried out are presented. These results are then discussed, and finally conclusions are drawn.




2. Materials and Methods


Two methods were employed throughout this study; a thematic analysis for the qualitative analysis of data generated during the workshop, and subsequently, a literature review.



A thematic analysis aims at identifying patterns or “themes” across a data set. One advantage of this method is its high flexibility [13,14]. The methodology adopted in the thematic analysis starts with the familiarisation with the data. This is followed by the generation of the initial codes, where the themes are identified, reviewed, and defined [15]. However, thematic analysis may be too flexible, since it is subjective, leading to inconsistencies in the developed themes [16]. Thus, the results were validated through a reliability study. The Intercoder Reliability (ICR) is a measure of agreement among multiple coders on how coded themes are assigned to datasets [17,18]. Two coders performed the thematic analysis, and the main coder’s area of research was not in AM. Therefore, an inductive approach was taken, since the thematic analysis was conducted by the main coder prior to the literature review. This resulted in identifying data-driven themes, which are strongly linked to the data, without trying to fit into a pre-existing coding framework [15,19]. The second coder had an established background in AM research. This resulted in a deductive approach, driven by the researcher’s interpretation of concepts. This reduced any bias that would have been present if the same approach was used by both coders to code the data. Evaluating the ICR reduces the substantial bias that can emerge in the analysis [20]. The two measures were Cohen’s kappa [21] and Krippendorff’s alpha [22]. Cohen’s kappa measures the observed and expected agreement, as opposed to the disagreement [23]. While it is less complex, it produces similar values to Krippendorff’s alpha in small samples [24]. Therefore, Cohen’s kappa was deemed appropriate for this study.



QSR International’s NVivo 12 software [25] was used to organise and analyse the themes generated from the qualitative data.



The literature review, focused on studies relevant to the “design process of additive manufactured products”, “user experience (UX) and user-centred design (UCD)”, and “bespoke additive manufactured interactive devices” was conducted to further deepen the understanding of basic principles discussed throughout the workshop. International scientific articles from journals and conferences from the last 20 years were reviewed. The databases of Pubmed, ScienceDirect, and Google Scholar were used with the aforementioned keywords. Duplicate articles, and those not written in English, were excluded. Considering these exclusion criteria, 64 articles were selected.




3. Results


3.1. Literature Review


3.1.1. Design for Additive Manufacturing


The adoption of AM is influencing and changing the nature of the design process of new products. The Basic Design Cycle is a model representing the fundamental steps that a designer undergoes throughout the design process [26]. It consists of a sequence of conscious reasoning steps, which are performed across the phases of a design process. This is an iterative process, starting with problem analysis. This is followed by the synthesis step, where design concepts are generated. These are then simulated and evaluated, and a decision is made on the most suitable design concept to address the design problem. A systematic approach can be taken during solution analysis in the synthesis phase, to reveal and control how a product interacts with a system. In the context of this research, this approach concerns how a design concept would be manufactured with additive technologies to generate the best interactive device for a patient. The interaction knowledge can be captured to improve a design solution from an AM point of view. Therefore, design for additive manufacturing (DFAM) can be defined as “a set of methods and tools that help designers take into account the specificities of AM (technological, geometrical, etc.) during the design stage” [27]. To promote AM knowledge assimilation between experts in the field, Interactive Design methods can be employed, to allow collaboration through virtual versions of products [2]. Both Interactive Design and DFAM combine creativity methods and engineering tools throughout the early stages of the design process to model knowledge and prioritise end-user satisfaction and product functionality [1,2].



Laverne et al. (2015) classified DFAM methodologies based on the targeted product systemic level—component or assembly level [27]. Component-based DFAM (C-DFAM) methodologies are applied to optimise the product from an AM perspective. Numerical tools are used to develop the components by integrating AM constraints related to its limitations, such as surface finish and dimensional accuracy [2,28]. Assembly-based DFAM (A-DFAM) aims at improving the product architecture by reducing the number of components or designing new devices. The working structure is also evolved in order to meet new requirements, such as low cost in manufacturing cycle times [2].



The DFAM framework established by Kumke et al. (2016) is characterised by four stages [6]:




	1.

	
planning and clarifying the task;




	2.

	
conceptual design;




	3.

	
a decision gate for modularization and technical/economic feasibility;




	4.

	
embodiment and detail design.









Laverne et al. (2015) proposed a product design process methodology that integrates AM knowledge, shown in Figure 1: the Ideation Phase, the Development Phase, and the Elaboration Phase [27]. The authors also propose that there are two main DFAM approaches that can be applied throughout the new product development process.



The opportunistic DFAM approach [27] enables design freedom, and is thus applied in the early stages of the design process. This approach provides guidelines for AM-specific solutions [27], and the generation of novel ideas is fostered through the adapted creativity methods supported by this approach [2,27]. A Restrictive DFAM approach [27] is used in the later stages of the design process, as it formulates AM-specific limitations in the product by utilising design rules that ensure manufacturability. The qualitative rules define strategies to avoid the effects of support structures and part orientation on surface quality. Quantitative measures are the limitations of feature dimensions, such as the minimum wall thickness.



Laverne et al. found that designers respond well to AM knowledge when this is represented graphically, by means of videos and pictures [27]. This type of representation is advantageous as it allows the easy storage and updating of knowledge in a digital format [2]. However, Laverne et al. also emphasize the importance of using physical models in ideation, even if model creation is costly and time-consuming to create and update [27]. Kumke et al. found that experienced designers appreciate DFAM tools as a means of providing additional support to design methods [1]. Novice designers felt restricted by highly detailed DFAM tools. The authors noted that some DFAM tools were highly rated by both novice and experienced designers. Thus, it can be concluded that designers require a variety of DFAM tools, depending on individual preference.



Pradel et al. (2018) conducted a survey with 110 designers and semi-structured interviews with 18 designers [29]. The authors found that typically, designers view AM as a prototyping tool, rather than being useful for end-use products. They noted that AM is most frequently used to produce consumer goods and medical devices. Finally, the authors found that designers grouped all AM processes into a homogenous group, even though these processes have different capabilities. It is essential that designers have the knowledge of different AM processes, their operating principles, their characteristics, and their limitations to effectively deliver products of high quality. Guidelines should be more accessible in order for designers to be able to optimise the design concept for the AM constraints.



Traditional manufacturing-specific design support systems cannot be effectively applied to the design of additive manufactured products [30,31]. The fundamental design knowledge of traditional manufacturing processes acts as a cognitive barrier when designing for AM [32]. Topological optimisation is typically used to study and integrate the geometric freedoms and constraints of AM technologies in the design phase [33].




3.1.2. Generative Design Algorithms


Design algorithms are adopted to support designers and interdisciplinary teams when making decisions during product development and optimisation, by providing knowledge models and management [34,35,36,37,38]. The complex relationships between process, structure, property, and performance are modelled by intelligent computer-aided tools [39]. Computational tools can be used throughout the design process to support decision-making. In the early stages, conflicting design requirements and constraints in multiple disciplines represent a challenge, which can be overcome using machines [40]. In the later design stages, designers must ensure that the design concept satisfies all the established design objectives and functional requirements. By integrating computational design methods, such as topology optimisation and generative design algorithms, simulations can be studied to facilitate this [38,40,41,42]. AM is an inherently digital-based process, thus making it suitable for intelligent and automated workflows. Automated knowledge-based design and process planning workflows allow the designer to consider the design implications related to functional requirement fulfillment and restrictions inherent to the AM process so as to avoid manufacturability issues [39,43,44]. Human–machine collaboration makes a UCD approach more accessible, by providing tools for maximising design potential [40]. As mentioned previously, DFAM is characterised by opportunistic and restrictive approaches [27]. These design heuristics and aspects can be communicated to both the novice and experienced designers by representing AM knowledge through printed objects, as determined in the following studies [45,46,47]. Inverse design [48] is an area that is particularly useful for AM, whereby the material and process selection is undertaken with respect to the functions of the interactive devices [40].




3.1.3. Virtual and Augmented Reality in Additive Manufacturing


Virtual (VR) and Augmented Reality (AR) can be implemented in AM design to assist the visualisation of the design concept. AR and VR technologies can be employed to promote stakeholder participation throughout the user-centred AM design process [49,50,51,52]. Eckertz et al. (2020) integrated AR into the design process to facilitate the review process for the design and the end-user [53]. AR offers the opportunity to make knowledge accessible in real-time by modelling virtual environments [54,55]. In these environments, end-users interact with interfaces, and the real environment can be used as a reference [56,57]. Users can intuitively interact with virtual environments and models by means of tangible tools, such as haptic gloves [58,59]. Haptic interactions provide force feedback to the user to allow them to feel fully immersed in the environment, by stimulating kinaesthetic and/or tactile feedback [60]. Tactile feedback relates to the pressure sensation exerted onto the user’s skin using actuators [61,62]. Kinaesthetic feedback is provided by sensors embedded in or present on the muscles to represent the relative size, weight, and position of the virtual model with respect to the body [63,64].



Interactive and adaptive design support systems offer several advantages over pre-programmed and deterministic workflows, and they allow the user to work in a more comprehensive design space [40]. Virtual and augmented reality has frequently been incorporated into intelligent design support systems to aid evaluations and provide information [65,66,67]. Additionally, interactive AM tools have been demonstrated to be effective in educating novice designers on AM concepts [68].




3.1.4. User Experience and User-Centred Design


User-Centred Design keeps the end-user requirements at its core throughout the design, implementation, and evaluation of the final product. The product and material specifications are formulated through an iterative approach to the design process, to further prioritise the end-user requirements [28]. The end-user is exposed to the benefits and potential limitations of new materials. Roudaut and Subramanian (2013) suggest that these material limitations can be transformed into design benefits of the product [69].



Floriane et al. (2017) proposed that DFAM can be improved by applying the Design With X (DWX) approach. In UCD, DWX incorporates user requirements to generate creative design concepts. Design For X (DFX) can then be applied to generate an innovative solution, while prioritising the user requirements [2]. This is shown in Figure 2, where the established consumer requirements influence the design concepts in a DWX approach. When applying DFX, the design concepts are adapted to meet the consumer’s needs when generating an innovative solution.



Liu et al. (2022) proposed the human-centred AM design and production approach illustrated in Figure 3. It starts with the design process whereby Computer-Aided Design (CAD) and Standard Tessellation Language (STL) files are generated based on end-user specifications. The G-Code generated when “slicing” the 3D model represented in the STL file into two-dimensional geometries is translated into the corresponding movements of the 3D printing head during the actual fabrication. The fabrication stage entails the selection of the AM process together with parameter optimization. Finally, at the assessment stage, the end-users are then able to assess the product for usability [70].




3.1.5. Bespoke AM Interactive Devices


Customised interactive devices improve the satisfaction and overall quality of life of the end-user [71,72,73]. The customisation of effective and usable upper-limb rehabilitation devices requires that the user’s needs are considered, and their limb characteristics analysed. Such characteristics include the range of motion, stability throughout daily life, and the comfortable stationary and dynamic distribution of forces exerted on the limb [74].



Traditionally, customised interactive devices are produced manually by skilled clinicians. Standard interactive device prescription and manufacturing processing consists of the following: (1) the casting of the interactive device using plaster of Paris or fiberglass, (2) cast sculpting using a positive mould, (3) moulding the thermoplastic device to fit on the end-user’s body, (4) post-processing of the device, (5) checking the fit of the device on the end-user’s person, (6) rehabilitation and adherence to therapy, and (7) clinician visitations for adjustments [75,76]. This is a laborious and costly process, and involves multiple patient visits. Chen et al. (2016) presented this process, as shown in Figure 4 [77]. Additionally, the subtractive manufacturing techniques employed generate high levels of material wastage, with low accuracy of fit and quality of the interactive device [78]. Finally, the workflow shown in Figure 3 is cyclic, whereby the digital nature of AM devices allows for user feedback to be easily integrated in the design. In Figure 4, the workflow is linear, implying that iteration is not as easily achievable with traditional manufacturing.



The limitations of the conventional prosthesis fabrication process provide an opportunity for the design of medical devices to be improved. This can be achieved through computer technologies [79], whereby the increasing demands for manufacturing techniques require the device to be fabricated according to end-user and medical tolerances [80]. This is a difficult task, as functional, aesthetic, cost, and comfort requirements are critical factor that arises throughout the design cycle of interactive devices [71]. AM provides the opportunity for the designer to easily adjust the design model to meet the end-user’s needs. This contrasts with typical mass-produced devices, which are designed with a “one-size-fits-all” approach. End-user feedback can be integrated into the design concept throughout the design phase, which increases the patient’s sense of autonomy. The patient’s involvement in the design process will result in more compliance throughout the use phase of the product [81]. Thus, conventional interactive devices can conceivably be replaced by additive manufactured devices in a clinical practice environment [82].



Chen et al. (2016) also proposed a process for the AM of custom bespoke devices [77], as shown in Figure 5. First, 3D scans are obtained through magnetic resonance (MR) or computerised tomography (CT) scans. The geometries are then modified using CAD software, and applied to the prostheses model. These are converted to STL format, followed by the determination of the 3D printer settings. The prosthesis is then 3D printed and assembled. Finally, the bespoke device is checked for fitting on the patient.



Similarly, De Silva et al. (2021) proposed a methodology for the additive manufacturing of bespoke devices [83], presented in Figure 6. First, two-dimensional medical images are acquired by means of 3D scanning. This is a process whereby the geometrical data of the human body surface are acquired to construct a digital 3D model, which facilitates interactive device construction [10,84]. The authors proposed that CT or MR scan technologies can be adopted for 3D scanning. These medical images are converted into 3D virtual models, and used to model the virtual prosthesis. The prosthesis is fabricated by AM technologies, and subsequently the final prosthesis is fabricated with biocompatible materials [83].



The wearability of interactive devices contributes to a positive UX for the end-user, and enables communications and cooperation between the patient and device. Pacchierotti et al. (2017) characterised the types of tactile interactions that can be integrated into the design of interactive devices as contact and pressure display, curvature display, vibrations, textures, and materials, softness/hardness, caress, friction display, indentation, push-button, proprioception, and surface geometry [86]. The authors also highlighted the mechanical properties that influence the wearability of an interactive device as degrees of freedom, peak force, inertia and friction, precision and resolution, and bandwidth. Finally, the authors gave four target objectives for the design of wearable interactive devices: form factor, weight, impairment, and comfort. The wearable device should minimally alter the body size of the patient; the device should be lightweight to avoid tiring the patient; the device should not inhibit the movements of the patient as far as possible, and the device should be comfortable to wear and adaptable to the shape and size of the patient’s limb [86]. On a user-level, AM allows for the personalisation of the interactive device’s aesthetic appeal, which increases the user’s self-esteem, and promotes adherence to therapy [78].





3.2. Design for Additive Manufacturing: Future Interactive Devices Workshop


The PRIME-VR2 project aims to develop an innovative bespoke controller and a supporting digital platform, VRHABIT. This technology is adopted to improve the user-experience of people with limited dexterity in their hands, enabling them to regain or improve their abilities, in a VR-based environment.



Inspired by the various Design for Additive Manufacturing (DFAM)-related issues encountered in PRIME-VR2, a number of themes were identified in the first edition of the DEFINED workshop. This event was hosted by the University of Malta and supported by Maker Faire Malta, the Design Society, the Institution of Engineering Designers (IED) and the Design for Additive Manufacturing Network, UK. The workshop tackled two fundamental aspects characterising the work conducted in PRIME-VR2, namely, AM and future interactive devices for rehabilitation. Over a period of two days, eight workshops lasting on average an hour each were hosted to address the multidisciplinary approach to the design of future interactive devices manufactured though AM. A total of 61 academics and 34 industrialists, with a range of between two and thirty years of experience, and familiar with the AM design and process, attended the workshop.



	
Workshop 1.1: “Capturing of User Data for Bespoke Additive Manufactured Products”






The main goal of the workshop was to detail the importance of patient data acquisition for the customisation of medical devices. The specific focus of the workshop was the acquisition of the upper limb anatomy, to allow for a bespoke product design. The workshop session was conducted by alternating lectures and discussions. The main objectives of this workshop were to analyse the relationship between additive design and manufacturing, identify the most suitable scanning technologies and methods to obtain high-quality acquisitions, and automation in 3D scanning. Another point of discussion was issues arising when part of the human anatomy requires scanning, and how customisation in AM facilitates the design of future interactive devices.



	
Workshop 1.2: “Principles to Successfully Design, Fabricate and Test Future Interaction Devices”






The workshop began with an introduction to interactive devices, followed by a discussion on emerging techniques within design and manufacturing. The focus was then directed towards bespoke devices and how new manufacturing technologies are making them increasingly more feasible. A series of case studies were presented based on specific elements of the controller and charging cradle, developed in PRIME-VR2, which is presented in Figure 7. A 10- to 15-min discussion followed each case study. The discussions revolved around the limitations in the knowledge and methodologies available to design, fabricate, and test additive-manufactured interactive devices. Another point mentioned was the difference between medical and mainstream consumer products, with medical products requiring additional specifications to deliver on user-specific requirements.



	
Workshop 1.3: “Defining the Requirements of Future Interactive Devices”






The purpose of the workshop was to explore future directions for the design of interactive devices, taking into account current developments in hardware and software technologies for tracking, control and manufacturing. In addition, the attendees explored more recent insights into human perception and control, with a particular focus on accessible design. This workshop was divided into two 20-min presentations, with a 15-min group discussion following each presentation. The conversation converged towards establishing the specifications and requirements of interactive devices, and how these requirements would impact the current DFAM guidelines. This contributed to a discussion around the need for a new set of standards defining the ergonomics of future interactive devices.



	
Workshop 1.4: “Embedding Electronics and Sensors in 3D Printing Products”






The workshop was structured into two parts. A lecture on the role of electronics and sensors in additively manufactured products was first delivered, followed by a discussion on how electronics can be integrated into AM processes. The factors that must be considered when designing the manufacturing process to assemble the electronic components were also discussed. Another point of discussion was the influence that electronic embedding has during assembly. This requires that geometrical design considerations must be taken to incorporate electronics.



	
Workshop 2.1: “Computational Design Approaches for Additive Manufacturing”






The scope of this workshop was to bridge the gap between DFAM and computational design approaches, such as form generation algorithms. The main objectives were to present the current strengths, weaknesses, opportunities and threats encountered in Computational Design Approaches for AM. The topic of guidelines and standardisation in computationally designed additive manufactured products was also debated. Finally, the fourth dimension of interactive devices was explored, and the role that generated algorithms play in enhancing UX.



	
Workshop 2.2: “The Impact of 3D Printing Technology Maturity on Future Interactive Products”






The workshop presented the current opportunities and challenges that exist during the design and manufacturing of additively manufactured products. An assessment of the maturity level of AM processes was given. This workshop was also divided into two parts, starting with an overview of process maturity and AM, followed by a less structured discussion revolving around member’s experience within this project and other projects. AM’s challenges and capabilities were examined during the second part of the workshop, once again followed by open discussion. One idea explored throughout the open discussions concerned the notion that AM is becoming a viable manufacturing technology across different industries. Another issue that emerged concerned the influence that critical AM process parameters (e.g., layer height) and the management of multi-material combinations has on UX. The process parameters impact the final design of the device, such as its surface texture. This will affect the wearability and usability of the strap and controller.



	
Workshop 2.3: “Ergonomic Testing of Wearable Additive Manufactured Products”






This workshop presented an approach to the ergonomic testing of wearable additive manufactured products with people who have musculoskeletal injuries and people who have had a stroke. The workshop also discussed testing protocols used and how this testing then informed the design of the additive manufactured interactive device. The patient requirements were found to influence the testing protocols during the evaluation of such devices, and in turn the ergonomic testing results can be fed back for design optimisation. Finally, on a more generalised level, the ergonomic testing results can be incorporated into the design principles knowledge base to better meet user requirements.



	
Workshop 2.4: “Customisation vs. Mass Production—The Challenges of Commercialising Additive Manufactured Products”






The goal of this workshop was to discuss the issues and roadblocks met in applying AM processes to commercial products, and the impact of such applications in comparison to traditional manufacturing processes. This was accomplished via a presentation delivered by a senior innovation consultant. The lecture presented in this workshop discussed the types, timelines, and history of AM. An overview of the advantages and disadvantages inherent in additive processes followed, with two group discussions facilitated.




3.3. Emerging Themes of DEFINED Workshop


In this section, the main themes emerging from the DEFINED workshop are discussed. Following the thematic analysis, an intercoder reliability study has been conducted to determine the level of trustworthiness of the analysis. Following the interpretation by Landis and Koch (1977) [87], an average Cohen’s kappa score of 0.81 was achieved, which is adequate given the substantial agreement between the codes.



3.3.1. Additive Manufacturing


AM Advantages


The advantages of AM were a common topic discussed throughout the two-day workshop. Workshop 2.1 highlighted one of the biggest strengths of AM as customisability. The outcomes of both Workshop 2.1 and 2.4 emphasise that AM enables more complex and high-performing geometries, which are not possible with conventional methods. Complex internal structures and external elements, and intricacy of form, are achievable with AM. Additionally, AM has a shorter time to market compared with traditional manufacturing processes. This increases the flexibility for design innovations and redesign. Workshop 2.1 also highlighted the fact that flexibility is a strength of AM. Product modifications can be realised immediately and less time is needed for assembly, tool development, shipping, or transportation. AM reduces the total cost of ownership due to lower inventories, fewer variations of machines and tooling, and less material for production is needed, with reduced waste generation. AM enhances product differentiation and consumer relationships by creating individually customised and unique products without additional retooling or post-processing. Finally, a smaller environmental footprint can be created with AM compared with conventional methods due to its reduced mass, efficient use of resources and shorter supply chain.



Workshop 2.1 also discussed the rapid prototyping aspect of AM, which facilitates user feedback. However, Workshop 2.2 further mentioned that currently, AM is a viable manufacturing technology across industries, and is used to manufacture functional products.




AM Capabilities


Workshop 2.2 highlighted one of the main AM capabilities as being able to produce free-form complex surfaces. Through topological optimisation, shapes can be easily and cost-effectively produced, with improved strength-to-weight ratios. Another advantage of AM is the ease of producing internal channels and features, which can be used to reduce the material in a component. It was also noted that AM capability can be measured using the following characteristics: geometrical accuracy, internal features, material, tolerancing, dependability, quality, scalability, part size and complexity, cost, speed, and flexibility.



A topic discussed at length during Workshop 1.4 was AM’s ability to print sensors directly onto the bespoke interactive device. Using commercial sensors and modifying them for medical purposes in bespoke interactive devices is a time- and resource-consuming process. Therefore, AM can be adopted to accommodate medical requirements due to its customisability, and will reduce complex programming down the line. Contributing to the customisation aspect of AM, other sensors and actuators, such as padding or muscle activity sensors, can be printed onto the device in the future. The device will also have the ability to detect the patient’s progress in a rehabilitation setting, enabling us to monitor the improvement in the user’s physical activity.




Challenges with AM


Both in Workshop 2.2 and Workshop 2.4, cost was seen as the biggest issue when integrating AM processes into product development. Financial factors for traditional manufacturing processes relate to machines, materials, equipment, tooling, labour, and overheads. For AM, these cost factors are applied to the preparation, printing, pre- and post-processing workflow steps, system equipment, and cost of materials. AM impacts the whole supply chain, including waste flows, resource consumption, and emissions. However, the AM supply chain is overall preferable because it is typically shorter, requiring fewer assembly steps and allowing for higher transport density and less packaging material. Workshop 2.2 mentioned that the limited selection of available materials and technological limitations in terms of part quality were also seen as drawbacks of AM. Finally, there is currently little to no in-house expertise, and it is difficult to scale AM. Workshop 1.3 proposed that during manufacturing, several issues can arise with the materials, workforce, platform, sub-species of AM, and ecosystem. Workshop 2.4 noted that there are material recycling issues in polymers, where the recycling process reduces the quality of the material.



Throughout the workshops, it was emphasised that one of the biggest challenges in the adoption of AM technologies is the lack of knowledge and tools. Workshop 2.2 discussed that designers need to be guided better and have accessible design tools that are adapted for AM. Software should be better integrated to provide support throughout the design process, by means of one cohesive tool, rather than separate tools. Designers must be more aware of the various AM processes that are available, and more knowledge should be shared on these processes to determine suitability. While the benefits of 3D printing are becoming clearer, companies still struggle to know if it is the right time to invest in this technology when intended for production rather than exclusively prototyping purposes. Workshop 2.4 continued this, stating that the adoption of AM technologies will require new engineering skills to fully exploit the benefits of AM. Currently, there is a significant gap in the production skills needed for AM, as well as throughout the design process for AM. The lack of standardisation for AM design means training programs are difficult to build effectively. In addition, successful transition to AM requires a workforce that is capable of working in cross-functional teams, and well versed in the use of modelling software and—in the case of bespoke devices—3D scanning systems.



Throughout the design process for AM, designers can be faced with several challenges. In Workshop 2.4, the impact of well-established design strategies originating from traditional manufacturing processes on the introduction of AM was discussed, and particularly in relation to difficulties in adapting these to AM. For the latter, designers must now account for AM-specific constraints such as wall thickness for moulding and tool paths for milling.




AM Design Process


Workshop 2.1 noted that the design process is typically iterative, ensuring that the interactive device’s functionality requirements are met. In order to achieve this, a multidisciplinary team is necessary. The end-user is also heavily involved in the design concept evaluation.





3.3.2. Generative Design Algorithms


Digital workflows are advantageous for three reasons: their superior virtual placement analysis, enhanced geometrical capabilities, and time- and cost-savings. Virtual placement analysis reduces patient visitations, allows internal evaluation, and can be aligned to existing implants. Digital workflows can also be used for design concept optimisation through lightweighting and osseointegration, thickness and mechanical analysis, part consolidation, suite of aligned parts, and digital part records.



Within Workshop 2.1, it was argued that algorithmic design is typically perceived as an introduction to scripted parameter generation throughout the design process. Generative design was also defined as the conceptualisation of new forms or design options by means of topological optimisation.



The product form of bespoke devices involves highly specific dimensional schemas. Workshop 1.2 addressed this, highlighting that by integrating design intelligence with computation, generative design workflows can be utilised to produce bespoke device formations from raw data inputs. It was also noted that generative algorithms require additive processes in order to fabricate the required design geometries. Machine learning can be used to guide the designer, and more importantly, to strike a balance between competing interdependent factors such as UX and any necessary post-processing. Post-processing tunes the mechanical behavior and surface quality of the product. However, it is inefficient, time-consuming, and comes at an extra cost.



Workshop 1.3 highlighted that algorithmic design significantly contributes to the customisation aspect of interactive devices. The user requirements can be easily integrated by analysing the user’s biomechanics during exercises. Complex geometries can also be changed in real time. Finally, a link can be created between the design structure, process parameters, and material properties, with the aim of optimising the design concept for printing and manufacture.




3.3.3. User-Centred Design


The integration of VR throughout the design process facilitates user feedback integration [62,86,88,89,90]. Workshop 1.2 explored this concept, and noted that through VR, end-users can configure and interact with design concepts by viewing the static geometry. It was also mentioned that customised devices that conform to the specific user’s anatomy are increasingly feasible.



Some requirements of interactive devices were also presented in Workshop 2.3. These requirements included aesthetics, safety of operation, device setup times and weight. For example, short setup times encourage participation and adherence to the therapy, while lightweight devices are essential when designing for people with limited dexterity in their hands.



Workshop 2.1 presented the case study of a strap on the interactive device, which was designed throughout the PRIME-VR2 project, shown in Figure 7. This strap was designed in such a way as to be self-closing, and easy to put on and remove, hence providing independence for the user.



Workshops 1.2 and 2.3 introduced some challenges that can arise throughout the design process of bespoke interactive devices. Workshop 1.2 identified that the critical design challenges are the understanding of ergonomic and usability requirements, and achieving functionality. Furthermore, Workshop 2.3 noted that there is typically difficulty in understanding the intricacies and subtle ways of interacting with patients on the part of clinicians. It is also challenging to translate the user’s needs into design requirements. This highlights the importance of communication and of taking a multidisciplinary approach to the design of interactive devices. Insight into UX can be generated through data measurements and interviews.




3.3.4. Measurement Devices for Data Acquisition


Over the course of the two-day workshop, two user data acquisition instruments were discussed—those intended for 3D scanning, and tracking devices.



Workshop 1.1 focused on human body scanning, weighing the advantages and disadvantages of three 3D scanning approaches—specifically, structured light-based, time-of-flight, and passive image-based. The three technologies were appraised based on their robustness to external lighting, as well as the required processing algorithm, spatial resolution, processing time, real-time abilities for data acquisition, and accuracy.



These technologies were then applied to the following devices, whose strengths and limitations were evaluated throughout the workshop. Scanning systems that have adopted the structured light-based approach are stationary scanners, high- and low-end portable scanners, and depth cameras. Low-end portable scanners can also apply the time-of-flight technology. Body scanners are typically passive image-based. The systems were assessed based on handling, acquisition time, set-up time, accuracy, and equipment cost. The systems should ideally be compact, lightweight and portable in order to facilitate data acquisition.



Fast real-time processing was identified as being an essential characteristic in human body scanning instruments for bespoke devices. Patients with limited dexterity in their hands are more prone to involuntary movements, which can cause issues in data acquisition. Therefore, it is crucial to have handheld scanners to move around the patient, with high scanning speeds and single-shot data acquisition. Handheld scanners allow 360º scanning for complex geometrical data acquisition, since the root position of the patient affects the body scan. However, this depends on the movement capabilities of the patient, and the time required to acquire images. It was noted that adding supports to the limb deforms the skin around the support and will cause some visual occlusion to the acquisition. Therefore, end-user requirements must also be considered, even throughout the data collection process of the design of bespoke devices.



Tracking devices, as discussed in Workshop 1.3, are used to integrate virtual and augmented reality into bespoke interactive devices. Tracking devices include magnetic tracking for controllers, inertial tracking, and acoustic tracking. It was concluded that the preferred solution should have the following characteristics: no necessary line of sight, high reliability, the absolute position and orientation within space can be located accurately, the device is not affected by magnetic fields and background noise, it is not subjected to drift, and it has a fast update rate. To achieve this, a hybrid tracking system must be used, which comprises a dual system used to compensate for the shortcomings of individual systems. Hybrid systems often combine inertial tracking with an absolute positioning system, such as acoustic tracking. Inertial tracking is more accurate; however, it can be subjected to drift. Therefore, it is often combined with acoustic tracking, which is a less accurate system, but can correct any drift in inertial tracking.




3.3.5. Virtual Reality, Augmented Reality, and Haptics


Workshop 1.2 discussed the applications, capabilities, and challenges when adopting virtual and augmented reality in interactive devices. One of the main advantages is that virtual environments resolve some of the limitations present within conventional setups, and allow users more independence while using digital environments.



Haptics was another topic discussed in Workshop 1.2. Haptics is useful in expanding the range of UX potential, by allowing users to feel the virtual world. This increases the subjective immersion in and realism of the virtual environment.



Workshop 1.3 continued the discussion on haptics by characterising it into two types. Tactile haptics is the sensation on the surface of the user’s skin. Kinaesthetic haptics is the user’s awareness of their bodily position and forces. Psychophysics was also mentioned, which is the relationship between physical stimuli and subjective sensations. Physical stimulus frequency influences vision and audio, for example, by means of colours and pitch. For haptics, there is a variety and distribution of mechanisms, which complicates psychophysics. Another point that was given importance in this workshop was sensory integration and conflict. In virtual environments, it is important that visual, audio, and haptic cues are synchronously and appropriately combined to contribute to a high-quality UX. Failure to do so will result in sensory conflict, which leaves the user confused and overwhelmed by the incompatible inputs of the five senses.






4. Discussion


Following the analysis of each theme, the relationship map shown in Figure 8 gives an overview of how the themes are related. This generates insights into the difficulties of designing for AM in future interactive devices.



	(a)

	
Relationship between Additive Manufacturing and Measurement Devices for Data Acquisition







3D Scanning is a common mode of data acquisition in AM, used to collect data that can be recreated in a digital environment. The generated 3D model is then used as a basis for the product to be developed, and can also be used to simulate design concepts. From the workshop, the requirements for data collection systems include mobility, reliability, accuracy, compactness, lightweight, portability, and fast real-time processing speeds. The scanning systems discussed were stationary scanners, high- and low-end portable scanners, and depth cameras. In the literature, the main 3D scanning devices are MR and CT scans [78,83].



	(b)

	
Relationship between Measurement Devices for Data Acquisition and User-Centred Design







Human body data can be easily measured using 3D scanning devices, which allows for user-specific data acquisition. This ensures that the interactive device conforms to the patient’s body. Therefore, the device must be designed in such a way as to comfortably support the stationary and dynamic distribution of forces exerted on the limb [74].



Traditionally, bespoke interactive devices are casted, sculpted, moulded, and processed prior to being checked for fitting on the end-user’s person. This is a laborious process, and would require multiple patient visits [77]. However, measurement devices for data acquisition facilitate this process, as interactive devices can be fabricated according to end-user requirements. A 3D model is generated from the 3D scans, which allows the designer to adjust it according to the end-user’s needs [71,79].



The workshops also discussed how end-user requirements influence the type of measurement device that can be used for data acquisition. Handheld scanners with fast real-time processing and single-shot data acquisition devices are best suited for patients with limited dexterity, as they are more prone to involuntary movements.



	(c)

	
Relationship between Additive Manufacturing and User-Centred Design







The customisability aspect of AM is ideal for bespoke devices, since it enhances product differentiation by developing unique interactive devices with minimal post-processing. The rapid manufacturing nature of AM also facilitates user feedback integration, since the 3D digital model can be easily updated, and devices can be produced quickly for immediate user feedback. Both the workshops and literature emphasised that the end-user is involved in the design concept generation, implementation, and evaluation [28]. Furthermore, to prioritise patient requirements both workshops and literature mentioned that the design process of AM interactive devices is iterative [28], and requires a multidisciplinary approach [34,35,36,37,38]. Workshop 1.2 noted that ergonomics, usability, and functionality requirements are critical design challenges in interactive device design. Workshop 2.3 also mentioned that aesthetics and safety requirements also must be considered.



Adherence to rehabilitation therapy was discussed in both workshops and in literature. Customised, effective, and usable interactive devices encourage participation by improving the satisfaction and quality of life of the end-user [71,72,73,74,78,81]. Workshop 2.1 presented the strapping mechanism of the interactive device developed throughout PRIME-VR2 as a case study, as shown in Figure 7. The self-closing strap was designed to facilitate use, which will encourage user independence.



In the workshops, the ability to print sensors was another capability of AM that was highlighted. This contributes to the customisability of interactive devices, since the user’s physical activity throughout rehabilitation therapies can be monitored.



	(d)

	
Relationship between Additive Manufacturing and Generative Design Algorithms







Automated digital workflows are an essential tool to enable designers to design for AM in interactive devices. Their superior virtual placement analysis and time and cost savings facilitate design concept optimisation. The complex relationships between process parameters, functional characteristics, and material properties can easily be modelled by generative design algorithms. This process is challenging, as the design requirements can be conflicting in nature [40], and can lead to manufacturability issues during production [39,43,44].



One of the main capabilities of AM is the generation of complex geometrical surfaces. Topological optimisation was highlighted as being commonly used to feasibly integrate these geometries into the design of bespoke devices [33].



The workshops and literature noted that design knowledge for traditional manufacturing technologies is not suited to the design of additive manufactured products [32]. Furthermore, adapting existing products for AM is difficult, due to the specific AM constraints. To support designers in designing for AM, automated workflows can be utilised. These design support systems need to be suited for AM design, as traditional manufacturing-specific systems cannot be effectively applied [30,31]. It has been shown in both research [32] and workshops that designers should be more effectively guided when designing additive manufactured products. Accessible design tools are required [29], as there is a significant skills gap in the production of additive manufactured interactive devices. The lack of AM knowledge and tools was evident in both the literature and the workshops’ themes. Workshop 2.2 indicated that a cohesive AM design tool is required by designers. However, Laverne et al. (2015) found that a variety of DFAM tools should be available to designers, since they have their individual preferences and experiences [27]. Furthermore, the lack of standardisation impedes training and education development. A successful transition to AM requires stakeholders to be knowledgeable on modelling software.



	(e)

	
Relationship between User-Centred Design and Generative Design Algorithms







Bespoke devices are characterised by highly specific dimensional schemas, since they are required to conform to the patient’s body. Generative design workflows can guide the designer in this process, by utilising raw data inputs to develop bespoke device formations. It was found that human–machine collaboration makes a UCD concept more attainable [40].



The main attribute of the algorithmic design is in the parameterisation of user requirements, through the analysis of the human body and biomechanics. The 3D models generated by design algorithms allow the user to evaluate the design concept in real time, prior to production. This will reduce the amount of patient visitations during the later stages, and allows the interactive device to be aligned with existing implants. Workshop 1.2 noted that machine learning is typically used to support the designer when balancing user requirements and post-processing constraints.



	(f)

	
Relationship between Measurement Devices for Data Acquisition and Virtual Reality, Augmented Reality, and Haptics







Raw data acquired from scanning devices is used to generate 3D models of the interactive device, in order to conform to the geometrical constraints of the end-user’s body. For the user to be fully immersed in virtual and augmented realities, sensory integration is required through tracking devices. From the workshops, it was concluded that, ideally, an effective tracking system would be accurate, reliable, capable of measuring absolute position and orientation, not affected by the environment, have fast processing times, and not be subjected to drift. However, there is no system that is capable of fulfilling these functions; therefore, a hybrid system would ideally be employed to benefit from the advantages of the individual tracking systems. This contributes to sensory integration by ensuring that haptic cues are synchronous.



	(g)

	
Relationship between Virtual Reality, Augmented Reality, Haptics and User-Centred Design







Virtual reality allows end-users to directly interact with the 3D model, promoting stakeholder participation for a UCD approach [49,50,51,52] to easily integrate user feedback into the design concept [62,86,88,89,90]. Modifications can be made in real time, thus promoting a sense of autonomy in the patient, as the interactive device was designed to meet their requirements [81].



Haptics allow the user to feel the virtual environment, increasing subjective realism and immersion into the virtual world. This contributes to a better UX, when the visual, audio, and haptic cues are synchronously combined. Both literature and workshops characterised haptics into tactile and kinaesthetic feedback [61,62,63,64].



In this context, it can be seen that customisation is essential in bespoke interactive devices, which need to conform to the patient’s body for a comfortable fit and thus promote adherence to therapy. AM is ideal for the production of wearable devices in low quantities, due to its inherent flexibility compared with traditional manufacturing processes.



Traditional manufacturing processes have a lengthy history in industry, resulting in established standards and guidelines. The main outcome of the DEFINED workshop is that there is not a variety of DFAM guidelines available, and there is a need for greater education in the sector. Many engineers lack knowledge of both AM and traditional manufacturing, resulting in a difficult path of AM adoption in large-scale production processes. New approaches for manufacturing education and processes are needed to support the adoption of the AM processes strengths without benchmarking performance against traditional manufacturing processes standards. This complies with studies showing that, due to recent developments in AM, knowledge about its opportunities is limited [29,30,78,91,92,93]. To effectively adopt AM technologies, designers will be required to acquire 3D modelling skills to enhance user outcomes [82]. Otherwise, they will struggle with managing design procedures [94].



Another outcome of this workshop was the need for a coherent DFAM tool to guide designers when taking AM considerations in their design practices. This result differs from that of the study conducted by Kumke et al. [1], which states that the designer’s individual preference and experience require that a variety of DFAM tools should be available. These tools will help the designer to develop the skills cited by the literature and the workshops, facilitating the design of Additive Manufacturing of Bespoke Interactive Devices. These skills are:




	
Knowledge of 3D acquisition methods;



	
Knowledge of tools used in the free-from computational approach;



	
A more in-depth knowledge of the various additive manufacturing techniques (e.g., VAT—high resolutions, but the possibility of using a single material, problems such as suction cups, tilting of flat surfaces, mechanical removal of supports; Material Extrusion—high availability of materials, low cost, but lower resolutions, warping problems, etc.; Powder Bed Fusion—less need for supports, but warping and internal stress issues and powder trapping problems in channels, etc.);



	
Greater understanding of the properties of materials machined with AM (e.g., anisotropy, higher roughness, etc.);



	
Greater interdisciplinarity, soft skills and ability to manage complexity by dealing with/interacting with different fields (e.g., manufacturing, materials, computational approaches, electronics, knowledge of regulations, aspects related to ergonomics and a basic knowledge of the medical field).








User representation is crucial in bespoke interactive device design, and requires a collaboration of stakeholders throughout the design process. AM facilitates this, because of the rapid manufacturing of products, and the ease of adapting design concepts based on user feedback.




5. Conclusions


In this paper, the results of a thematic analysis conducted on a two-day workshop titled Design for Additive Manufacturing: Future Interactive Devices (DEFINED) are presented. This workshop discussed two core aspects of the PRIME-VR2 project, focusing on design principles for Additive Manufacturing (AM) and how these can be utilised for the design of future interactive devices for rehabilitation. The main conclusions are summarised below:




	
Currently, designers lack knowledge on how to consider AM constraints throughout the design process. This is due to the limited amount of DFAM guidelines available. This was highlighted both in the literature and throughout the workshop;



	
Tools and guidelines should be available to support designers in making the right considerations in the design of additive-manufactured products. Generative design algorithms can be integrated into these tools to automate the design process and parameterise user requirements. The workshops concluded that more user-friendly tools should be developed to support designers when producing generative models;



	
Virtual reality can be utilised more for various activities, in education, design, production, and therapy. The workshops discussed how virtual and augmented reality can promote a user-centred approach to the production of bespoke devices, by including their feedback throughout the design process;



	
Visual, auditory, and haptic cues can fully immerse the user in a virtual environment, but workshops highlighted that sensory harmony is necessary for high-quality UX;



	
Users must be represented throughout the design process of bespoke devices. The workshops concluded that designers should be more effectively guided on how to balance AM process parameters and user requirements. User data can be measured by means of 3D scanning, which needs to have fast acquisition times for 360° human body scans.












Author Contributions


Conceptualization, P.F.; methodology, P.F. and A.W.; validation, G.C., A.W., P.V. and F.T.; formal analysis, P.F. and F.T.; investigation, P.F.; resources, P.F.; data curation, E.A.; writing—original draft preparation, P.F.; writing—review and editing, P.F., G.C., P.V., F.T. and E.A.; visualization, P.F.; supervision, P.V. and G.C.; project administration, P.F. and A.W.; funding acquisition, P.F. All authors have read and agreed to the published version of the manuscript.




Funding


The DEFINED workshop was funded through the research project titled “Personalised Recovery Through A Multi-User Environment: Virtual Reality for Rehabilitation” (PRIME-VR2). PRIME-VR2 was funded by the EU’s Horizon 2020 research and innovation programme under grant agreement No 856998. The authors are grateful for the contributions of all the DEFINED workshop participants who provided valuable expertise on the design and manufacturing of bespoke VR devices.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Recordings of the DEFINED workshops are available upon request made to the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kumke, M.; Watschke, H.; Hartogh, P.; Bavendiek, A.K.; Vietor, T. Methods and Tools for Identifying and Leveraging Additive Manufacturing Design Potentials. Int. J. Interact. Des. Manuf. 2018, 12, 481–493. [Google Scholar] [CrossRef]

	



Floriane, L.; Frédéric, S.; Gianluca, D.A.; Marc, L.C. Enriching Design with X through Tailored Additive Manufacturing Knowledge: A Methodological Proposal. Int. J. Interact. Des. Manuf. 2017, 11, 279–288. [Google Scholar] [CrossRef]

	



Hague, R.; Campbell, I.; Dickens, P. Implications on Design of Rapid Manufacturing. J. Mech. Eng. Sci. 2003, 217, 25–30. [Google Scholar] [CrossRef]

	



Rosen, D.R. Computer-Aided Design for Additive Manufacturing of Cellular Structures. Comput. Aided Des. Appl. 2007, 4, 585–594. [Google Scholar] [CrossRef]

	



Gibson, I.; Rosen, D.R. Additive Manufacturing Technologies; Springer: New York, NY, USA, 2010. [Google Scholar]

	



Kumke, M.; Watschke, H.; Vietor, T. A New Methodological Framework for Design for Additive Manufacturing. Virtual Phys. Prototyp. 2016, 11, 3–19. [Google Scholar] [CrossRef]

	



Leary, M.; Merli, L.; Torti, F.; Mazur, M.; Brandt, M. Optimal Topology for Additive Manufacture: A Method for Enabling Additive Manufacture of Support-Free Optimal Structures. Mater. Des. 2014, 63, 678–690. [Google Scholar] [CrossRef]

	



Geierlehner, A.; Malferrari, S.; Kalaskar, D.M. The Optimization of a 3D Scanning Technique Applied for 3D Printing of Bespoke Medical Devices. J. 3D Print. Med. 2019, 3, 71–82. [Google Scholar] [CrossRef]

	



Treleaven, P.; Wells, J. 3D Body Scanning and Healthcare Applications. Computer 2007, 40, 28–34. [Google Scholar] [CrossRef]

	



Cui, L.; Phan, A.; Allison, G. Design and fabrication of a three dimensional printable non-assembly articulated hand exoskeleton for rehabilitation. In Proceedings of the 2015 37th Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Milan, Italy, 25–29 August 2015; pp. 4627–4630. [Google Scholar]

	



Coltman, C.E.; McGhee, D.E.; Steele, J.R. Three-Dimensional Scanning in Women with Large, Ptotic Breasts: Implications for Bra Cup Sizing and Design. Ergonomics 2017, 60, 439–445. [Google Scholar] [CrossRef]

	



Baronio, G.; Volonghi, P.; Signoroni, A. Concept and Design of a 3D Printed Support to Assist Hand Scanning for the Realization of Customized Orthosis. Appl. Bionics Biomech. 2017, 2017, 8171520. [Google Scholar] [CrossRef]

	



Braun, V.; Clarke, V. Thematic Analysis. In APA Handbook of Research Methods in Psychology, Vol. 2: Research Designs: Quantitative, Qualitative, Neuropsychological, and Biological; American Psychological Association: Washington, DC, USA, 2012; pp. 57–71. [Google Scholar]

	



King, N. Using Templates in the Thematic Analysis of Text. In Essential Guide to Qualitative Methods in Organisational Research; SAGE Publications Inc: London, UK, 2004; pp. 257–270. [Google Scholar]

	



Braun, V.; Clarke, V. Using Thematic Analysis in Psychology. Qual. Res. Psychol. 2006, 3, 77–101. [Google Scholar] [CrossRef]

	



Holloway, I.; Todres, L. The Status of Method: Flexibility, Consistency, and Coherence. Qual. Res. 2003, 3, 345–357. [Google Scholar] [CrossRef]

	



Kurasaki, K.S. Intercoder Reliability for Validating Conclusions Drawn from Open-Ended Interview Data. Field Methods 2000, 12, 179–194. [Google Scholar] [CrossRef]

	



Lombard, M.; Snyder-Duch, J.; Bracken, C. Content Analysis in Mass Communication: Assessment and Reporting of Intercoder Reliability. Hum. Commun. Res. 2002, 28, 587–604. [Google Scholar] [CrossRef]

	



Nowell, L.S.; Norris, J.M.; White, D.E.; Moules, N.J. Thematic Analysis: Striving to Meet the Trustworthiness Criteria. Int. J. Qual. Methods 2017, 16, 1609406917733847. [Google Scholar] [CrossRef]

	



Burla, L.; Knierim, B.; Barth, J. From Text to Codings: Intercoder Reliability Assessment in Qualitative Content Analysis. Nurs. Res. 2008, 57, 113–117. [Google Scholar] [CrossRef]

	



Cohen, J. A Coefficient of Agreement for Nominal Scales. Educ. Psychol. Meas. 1960, 20, 37–46. [Google Scholar] [CrossRef]

	



Krippendorff, K. Content Analysis: An Introduction to Its Methodology; SAGE Publications Inc: Thousand Oaks, CA, USA, 2004. [Google Scholar]

	



Artstein, R.; Poesio, M. Inter-Coder Agreement for Computational Linguistics. Comput. Linguist. 2008, 34, 555–596. [Google Scholar] [CrossRef]

	



Gwet, K. Handbook of Inter-Rater Reliability: The Definitive Guide to Measuring the Extent of Agreement Among Multiple Raters; Advanced Analytics Press: Gaithersburg, MD, USA, 2012. [Google Scholar]

	



QSRInternational QSR International’s NVivo 2018. Available online: https://lumivero.com/products/nvivo/ (accessed on 10 May 2023).

	



Roozenburg, N.F.M.; Eekels, J. Product Design: Fundamentals and Methods; John Wiley & Sons: Chichester, UK, 1995. [Google Scholar]

	



Laverne, F.; Segonds, F.; Anwer, N.; Le Coq, M. Assembly Based Methods to Support Product Innovation in Design for Additive Manufacturing: An Exploratory Case Study. J. Mech. Des. Trans. ASME 2015, 137, 121701. [Google Scholar] [CrossRef]

	



Henderson, R.M.; Clark, K.B. Architectural Innovation: The Reconfiguration of Existing Product Technologies and the Failure of Established Firms. J. Adm. Sci. Organ. 1990, 35, 9–30. [Google Scholar] [CrossRef]

	



Pradel, P.; Zhu, Z.; Bibb, R.; Moultrie, J. Investigation of Design for Additive Manufacturing in Professional Design Practice. J. Eng. Des. 2018, 29, 165–200. [Google Scholar] [CrossRef]

	



Thompson, M.K.; Moroni, G.; Vaneker, T.; Fadel, G.; Campbell, R.I.; Gibson, I.; Bernard, A.; Schulz, J.; Graf, P.; Ahuja, B.; et al. Design for Additive Manufacturing: Trends, Opportunities, Considerations, and Constraints. CIRP Ann. 2016, 65, 737–760. [Google Scholar] [CrossRef]

	



Kim, S.; Rosen, D.W.; Witherell, P.; Ko, H. A Design for Additive Manufacturing Ontology to Support Manufacturability Analysis. J. Comput. Inf. Sci. Eng. 2019, 19, 041014. [Google Scholar] [CrossRef]

	



Seepersad, C.C. Challenges and Opportunities in Design for Additive Manufacturing. J. 3D Print. Addit. Manuf. 2014, 1, 1–13. [Google Scholar] [CrossRef]

	



Rosen, D.W. A Review of Synthesis Methods for Additive Manufacturing. Virtual Phys. Prototyp. 2016, 11, 305–317. [Google Scholar] [CrossRef]

	



Durupt, A.; Remy, S.; Ducellier, G. Knowledge Based Reverse Engineering—An Approach for Reverse Engineering of a Mechanical Part. J. Comput. Inf. Sci. Eng. 2010, 10, 044501. [Google Scholar] [CrossRef]

	



Mejía-Gutiérrez, R.; Carvajal-Arango, R. Design Verification through Virtual Prototyping Techniques Based on Systems Engineering. Res. Eng. Des. 2017, 28, 477–494. [Google Scholar] [CrossRef]

	



Chulvi, V.; Mulet, E.; Felip, F.; García-García, C. The Effect of Information and Communication Technologies on Creativity in Collaborative Design. Res. Eng. Des. 2017, 28, 7–23. [Google Scholar] [CrossRef]

	



Jovanovic, V.M.; Ma, L.; Guerra-Zubiaga, D.A.; Tomovic, M.M. Early Problems Identification in Collaborative Engineering with Different Product Data Modelling Standards. Int. J. Comput. Integr. Manuf. 2015, 28, 1155–1166. [Google Scholar] [CrossRef]

	



Qin, J.; Hu, F.; Liu, Y.; Witherell, P.; Wang, C.C.L.; Rosen, D.W.; Simpson, T.W.; Lu, Y.; Tang, Q. Research and Application of Machine Learning for Additive Manufacturing. Addit. Manuf. 2022, 52, 102691. [Google Scholar] [CrossRef]

	



Ferchow, J.; Biedermann, M.; Müller, P.; Auchmann, B.; Brem, A.; Meboldt, M. Harnessing Manufacturing Elements to Select Local Process Parameters for Metal Additive Manufacturing: A Case Study on a Superconducting Solenoid Coil. Addit. Manuf. 2021, 46, 102140. [Google Scholar] [CrossRef]

	



Xiong, Y.; Tang, Y.; Kim, S.; Rosen, D.W. Human-Machine Collaborative Additive Manufacturing. J. Manuf. Syst. 2023, 66, 82–91. [Google Scholar] [CrossRef]

	



Mozaffar, M.; Liao, S.; Xie, X.; Saha, S.; Park, C.; Cao, J.; Liu, W.K.; Gan, Z. Mechanistic Artificial Intelligence (Mechanistic-AI) for Modeling, Design, and Control of Advanced Manufacturing Processes: Current State and Perspectives. J. Mater. Process. Technol. 2022, 302, 117485. [Google Scholar] [CrossRef]

	



Zhang, Y.; Moon, S.K. Data-Driven Design Strategy in Fused Filament Fabrication: Status and Opportunities. J. Comput. Des. Eng. 2021, 8, 489–509. [Google Scholar] [CrossRef]

	



Zhu, Y.; Yang, Y.; Wang, Y.; Peng, T.; Zhang, L.; Yang, H. Localized Property Design and Gradient Processing of a Hydraulic Valve Body Using Selective Laser Melting. IEEE/ASME Trans. Mechatron. 2021, 26, 1151–1160. [Google Scholar] [CrossRef]

	



Xiong, Y.; Tang, Y.; Park, S.-I.; Rosen, D.W. Harnessing Process Variables in Additive Manufacturing for Design Using Manufacturing Elements. J. Mech. Des. 2020, 142, 072002. [Google Scholar] [CrossRef]

	



Valjak, F.; Bojčetić, N. Conception of Design Principles for Additive Manufacturing. Proc. Des. Soc. Int. Conf. Eng. Des. 2019, 1, 689–698. [Google Scholar] [CrossRef]

	



Hwang, D.; Blake Perez, K.; Anderson, D.; Jensen, D.; Camburn, B.; Wood, K. Design Principles for Additive Manufacturing: Leveraging Crowdsourced Design Repositories. J. Mech. Des. Trans. ASME 2021, 143, 072005. [Google Scholar] [CrossRef]

	



Yang, S.; Page, T.; Zhang, Y.; Zhao, Y.F. Towards an Automated Decision Support System for the Identification of Additive Manufacturing Part Candidates. J. Intell. Manuf. 2020, 31, 1917–1933. [Google Scholar] [CrossRef]

	



Deka, A.; Nellippallil, A.; Hall, J. Integrated Design Exploration of Products, Materials, and Processes in Additive Manufacturing Using Inverse Design Method. Int. J. Interact. Des. Manuf. 2022, 16, 717–731. [Google Scholar] [CrossRef]

	



Ostrander, J.K.; Ryan, L.; Dhengre, S.; McComb, C.; Simpson, T.W.; Meisel, N.A. A comparative study of virtual reality and computer-aided design to evaluate parts for additive manufacturing. In Proceedings of the ASME 2019 International Design Engineering Technical Conferences and Computers and Information in Engineering Conference, Anaheim, CA, USA, 18–21 August 2019. [Google Scholar]

	



Roo, J.S.; Hachet, M. One reality: Augmenting how the physical world is experienced by combining multiple mixed reality modalities. In Proceedings of the 30th Annual ACM Symposium on User Interface Software and Technology, Québec City, QC, Canada, 22–25 October 2017; ACM: New York, NY, USA, 2017; pp. 787–795. [Google Scholar]

	



Nee, A.Y.C.; Ong, S.K.; Chryssolouris, G.; Mourtzis, D. Augmented Reality Applications in Design and Manufacturing. CIRP Ann. 2012, 61, 657–679. [Google Scholar] [CrossRef]

	



Ong, S.K.; Nee, A.Y.C. Virtual and Augmented Reality Applications in Manufacturing; Springer: London, UK, 2004; ISBN 978-1-84996-921-5. [Google Scholar]

	



Eckertz, D.; Berssenbrügge, J.; Anacker, H.; Dumitrescu, R. Work-in-progress: Enhancing collaboration using augmented reality design reviews for product validation on the example of additive manufacturing. In Proceedings of the International Conference on Remote Engineering and Virtual Instrumentation, Athens, GA, USA, 26–28 February 2020; pp. 244–254. [Google Scholar]

	



Stark, R.; Israel, J.H.; Wöhler, T. Towards Hybrid Modelling Environments—Merging Desktop-CAD and Virtual Reality-Technologies. CIRP Ann. 2010, 59, 179–182. [Google Scholar] [CrossRef]

	



Valentini, P.P. Interactive Virtual Assembling in Augmented Reality. Int. J. Interact. Des. Manuf. 2009, 3, 109–119. [Google Scholar] [CrossRef]

	



Lau, M.; Hirose, M.; Ohgawara, A.; Mitani, J.; Igarashi, T. Situated modeling: A shape-stamping interface with tangible primitives. In Proceedings of the Sixth International Conference on Tangible, Embedded and Embodied Interaction, Kingston, ON, Canada, 19–22 February 2012; ACM: New York, NY, USA, 2012; pp. 275–282. [Google Scholar]

	



Kim, H.-J.; Jeong, Y.; Kim, J.-W.; Nam, T.-J.M. Sketch: Prototyping tool for linkage-based mechanism design. In Proceedings of the 29th Annual Symposium on User Interface Software and Technology, Tokyo, Japan, 16–19 October 2016; ACM: New York, NY, USA, 2016; pp. 75–77. [Google Scholar]

	



Schkolne, S.; Pruett, M.; Schröder, P. Surface drawing: Creating organic 3D shapes with the hand and tangible tools. In Proceedings of the SIGCHI Conference on Human Factors in Computing Systems, Seattle, WA, USA, 31 March–4 April 2001; ACM: New York, NY, USA, 2001; pp. 261–268. [Google Scholar]

	



Llamas, I.; Kim, B.; Gargus, J.; Rossignac, J.; Shaw, C.D. Twister: A space-warp operator for the two-handed editing of 3D shapes. In Proceedings of the ACM SIGGRAPH 2003: 30th Annual Conference on Computer Graphics and Interactive Techniques, San Diego, CA, USA, 27–31 July 2003; ACM: New York, NY, USA, 2003; pp. 663–668. [Google Scholar]

	



Paneels, S.; Roberts, J.C. Review of Designs for Haptic Data Visualization. IEEE Trans. Haptics 2010, 3, 119–137. [Google Scholar] [CrossRef] [PubMed]

	



Scheggi, S.; Salvietti, G.; Prattichizzo, D. Shape and weight rendering for haptic augmented reality. In Proceedings of the 19th International Symposium in Robot and Human Interactive Communication, Viareggio, Italy, 13–15 September 2010; pp. 44–49. [Google Scholar]

	



Benko, H.; Holz, C.; Sinclair, M.; Ofek, E. NormalTouch and TextureTouch: High-fidelity 3D haptic shape rendering on hand-held virtual reality controllers. In Proceedings of the Annual ACM Symposium on User Interface Software and Technology, Tokyo, Japan, 16–19 October 2016; pp. 717–728. [Google Scholar]

	



Chinello, F.; Malvezzi, M.; Pacchierotti, C.; Prattichizzo, D. A three DoFs wearable tactile display for exploration and manipulation of virtual objects. In Proceedings of the 2012 IEEE Haptics Symposium (HAPTICS), Vancouver, BC, Canada, 4–7 March 2012; pp. 71–76. [Google Scholar]

	



Newell, A.; George, A.; Papakostas, N.; Lhachemi, H.; Malik, A.; Shorten, R. On design for additive manufacturing: Review of challenges and opportunities utilising visualisation technologies. In Proceedings of the 2019 IEEE International Conference on Engineering, Technology and Innovation (ICE/ITMC), Valbonne Sophia-Antipolis, France, 17–19 June 2019. [Google Scholar] [CrossRef]

	



Ariansyah, D.; Rosa, F.; Colombo, G. Smart Maintenance: A Wearable Augmented Reality Application Integrated with CMMS to Minimize Unscheduled Downtime. Comput. Aided. Des. Appl. 2019, 17, 740–751. [Google Scholar] [CrossRef]

	



Malik, A.; Lhachemi, H.; Ploennigs, J.; Ba, A.; Shorten, R. An Application of 3D Model Reconstruction and Augmented Reality for Real-Time Monitoring of Additive Manufacturing. Procedia CIRP 2019, 81, 346–351. [Google Scholar] [CrossRef]

	



Borish, M.; Westfall, J. Additive and Subtractive Manufacturing Augmented Reality Interface (ASMARI). In Proceedings of the 2020 SoutheastCon, Raleigh, NC, USA, 28–29 March 2020; pp. 1–6. [Google Scholar]

	



Ostrander, J.K.; Tucker, C.S.; Simpson, T.W.; Meisel, N.A. Evaluating the Use of Virtual Reality to Teach Introductory Concepts of Additive Manufacturing. J. Mech. Des. 2020, 142, 051702. [Google Scholar] [CrossRef]

	



Roudaut, A.; Subramanian, S. Creating the Future of Interactive Devices, Together. Mater. Today 2013, 16, 254–255. [Google Scholar] [CrossRef]

	



Liu, C.; Tian, W.; Kan, C. When AI Meets Additive Manufacturing: Challenges and Emerging Opportunities for Human-Centered Products Development. J. Manuf. Syst. 2022, 64, 648–656. [Google Scholar] [CrossRef]

	



Wang, Y.; Tan, Q.; Pu, F.; Boone, D.; Zhang, M. A Review of the Application of Additive Manufacturing in Prosthetic and Orthotic Clinics from a Biomechanical Perspective. Engineering 2020, 6, 1258–1266. [Google Scholar] [CrossRef]

	



Berke, G.M.; Fergason, J.; Milani, J.R.; Hattingh, J.; McDowell, M.; Nguyen, V.; Reiber, G.E. Comparison of Satisfaction with Current Prosthetic Care in Veterans and Servicemembers from Vietnam and OIF/OEF Conflicts with Major Traumatic Limb Loss. J. Rehabil. Res. Dev. 2010, 47, 361. [Google Scholar] [CrossRef]

	



Gailey, R. Review of Secondary Physical Conditions Associated with Lower-Limb Amputation and Long-Term Prosthesis Use. J. Rehabil. Res. Dev. 2008, 45, 15–30. [Google Scholar] [CrossRef]

	



Lake, C. The Evolution of Upper Limb Prosthetic Socket Design. J. Prosthetics Orthot. 2008, 20, 85–92. [Google Scholar] [CrossRef]

	



Pezzin, L.E.; Dillingham, T.R.; MacKenzie, E.J.; Ephraim, P.; Rossbach, P. Use and Satisfaction with Prosthetic Limb Devices and Related Services. Arch. Phys. Med. Rehabil. 2004, 85, 723–729. [Google Scholar] [CrossRef]

	



Savsani, S.; Singh, S.; Mali, H.S. Additive Manufacturing for Prostheses Development: State of the Art. Rapid Prototyp. J. 2023, 29, 741–765. [Google Scholar] [CrossRef]

	



Chen, R.K.; Jin, Y.; Wensman, J.; Shih, A. Additive Manufacturing of Custom Orthoses and Prostheses—A Review. Addit. Manuf. 2016, 12, 77–89. [Google Scholar] [CrossRef]

	



Binedell, T.; Subburaj, K. Design for Additive Manufacturing of Prosthetic and Orthotic Devices. In Revolutions in Product Design for Healthcare. Design Science and Innovation; Springer: Singapore, 2022; pp. 75–99. [Google Scholar]

	



Gualdrón, C.I.L.; Ibarra, E.R.B.; Bohórquez, A.P.M.; Bohórquez, I.G. Present and Future for Technologies to Develop Patient-Specific Medical Devices: A Systematic Review Approach. Med. Devices Evid. Res. 2019, 12, 253–273. [Google Scholar] [CrossRef]

	



Huss, J.M.; Lehman, M.; Erdman, A.G. Patient-Specific Stent Fabrication Using a Seven-Degree-of-Freedom Additive Manufacturing System. Machines 2022, 10, 1144. [Google Scholar] [CrossRef]

	



Wong, M.S. Computer-Aided Design and Computer-Aided Manufacture (CAD/CAM) System for Construction of Spinal Orthosis for Patients with Adolescent Idiopathic Scoliosis. Physiother. Theory Pract. 2011, 27, 74–79. [Google Scholar] [CrossRef]

	



Choo, Y.; Boudier-Revéret, M.; Chang, M. 3D Printing Technology Applied to Orthosis Manufacturing: Narrative Review. Ann. Palliat. Med. 2020, 9, 4262–4270. [Google Scholar] [CrossRef]

	



Da Silva, L.R.R.; Sales, W.F.; Campos, F.d.A.R.; de Sousa, J.A.G.; Davis, R.; Singh, A.; Coelho, R.T.; Borgohain, B. A Comprehensive Review on Additive Manufacturing of Medical Devices; Springer International Publishing: Berlin/Heidelberg, Germany, 2021; Volume 6, ISBN 0123456789. [Google Scholar]

	



Abdallah, I.B.; Bouteraa, Y.; Rekik, C. Design and Development of 3d Printed Myoelectric Robotic Exoskeleton for Hand Rehabilitation. Int. J. Smart Sens. Intell. Syst. 2017, 10, 341–366. [Google Scholar] [CrossRef]

	



Devgan, S.; Sidhu, S.S. Evolution of Surface Modification Trends in Bone Related Biomaterials: A Review. Mater. Chem. Phys. 2019, 233, 68–78. [Google Scholar] [CrossRef]

	



Pacchierotti, C.; Sinclair, S.; Solazzi, M.; Frisoli, A.; Hayward, V.; Prattichizzo, D. Wearable Haptic Systems for the Fingertip and the Hand: Taxonomy, Review, and Perspectives. IEEE Trans. Haptics 2017, 10, 580–600. [Google Scholar] [CrossRef] [PubMed]

	



Landis, J.R.; Koch, G.G. The Measurement of Observer Agreement for Categorical Data. Biometrics 1977, 33, 159–174. [Google Scholar] [CrossRef]

	



Ramírez-Fernández, C.; Morán, A.L.; García-Canseco, E.; Gómez-Montalvo, J.R. Evaluation Results of an Ontology-Based Design Model of Virtual Environments for Upper Limb Motor Rehabilitation of Stroke Patients. Methods Inf. Med. 2017, 56, 145–155. [Google Scholar] [CrossRef]

	



Scheggi, S.; Meli, L.; Pacchierotti, C.; Prattichizzo, D. Touch the virtual reality: Using the leap motion controller for hand tracking and wearable tactile devices for immersive haptic renderinG. In Proceedings of the ACM Special Interest Group Computer Graphical Interactive Technology Conference Posters, Los Angeles, CA, USA, 9–13 August 2015; p. 31. [Google Scholar]

	



Sand, A.; Rakkolainen, I.; Isokoski, P.; Kangas, J.; Raisamo, R.; Palovuori, K. Head-mounted display with mid-air tactile feedback. In Proceedings of the 21st ACM Symposium on Virtual Reality Software and Technology, Beijing, China, 13–15 November 2015; pp. 51–58. [Google Scholar]

	



Bourell, D.L.; Leu, M.C.; Rosen, D.W. Roadmap for Additive Manufacturing—Identifying the Future of Freeform Processing; The University of Texas at Austin: Austin, TX, USA, 2009. [Google Scholar]

	



Meisel, N.; Williams, C. An Investigation of Key Design for Additive Manufacturing Constraints in Multimaterial Three-Dimensional Printing. J. Mech. Des. 2015, 137, 111406. [Google Scholar] [CrossRef]

	



Schmelzle, J.; Kline, E.V.; Dickman, C.J.; Reutzel, E.W.; Jones, G.; Simpson, T.W. (Re)Designing for Part Consolidation: Understanding the Challenges of Metal Additive Manufacturing. J. Mech. Des. 2015, 137, 111404. [Google Scholar] [CrossRef]

	



Binedell, T.; Subburaj, K.; Wong, Y.; Blessing, L.T.M. Leveraging Digital Technology to Overcome Barriers in the Prosthetic and Orthotic Industry: Evaluation of Its Applicability and Use During the COVID-19 Pandemic. JMIR Rehabil. Assist. Technol. 2020, 7, e23827. [Google Scholar] [CrossRef]








[image: Applsci 13 06627 g001 550] 





Figure 1. Product design process integrating AM knowledge, adapted from [27]. 
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Figure 2. DWX and DFX in the product design [2]. 
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Figure 3. Workflow for human-centred AM design and production approach [70]. 
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Figure 4. Conventional prosthesis fabrication process, adapted from [77]. 
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Figure 5. Process of additive manufacturing of bespoke devices, adapted from [77]. 
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Figure 6. Manufacturing of bespoke devices methodology proposed by de Silva et al. (2021) [83], adapted from Devgan and Sidhu (2019) [85]. 
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Figure 7. The bespoke VR controller developed in PRIME-VR2. 
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Figure 8. Relationship between the themes generated in the DEFINED workshop. 
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