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Abstract 
The integration of virtual and physical workflow is a major ongoing trend in engineering, with 

substantial potential for benefit during design development stages. Within this trend, the emerging 

field of Mixed Reality technologies provide capability to couple the virtual and physical realms in 

design prototyping. Applications to date remain ad-hoc however, with little clarity of the breadth of 

benefits afforded by Mixed Reality. Through a systematic review of 108 publications, this paper 

presents a classification of the benefits of Mixed Reality technology afforded to prototyping, the 

design process, and designers. This paper elicits and characterises five evidence-based dimensions of 

value. These are analysed in detail against design processes and prototyping to extract benefits of 

application, implementation challenges, and sets directions for future work with implications for 

design researchers, computer scientists and designers. 
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Research Highlights 
 A systematic literature review leading to 108 papers where MR has been used to 

support prototyping 

 Contrast ‘tech push’ & ‘design pull’ views to distil dimensions of value sought by 

researchers 

 The dimensions found are Creation & Configuration, Visualisation, Knowledge 

Management, Integrated Analysis, and Collaboration 

 The dimensions of value are presented in detail with implications for academics and 

industry 
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Prototyping is core to many design processes (Camburn et al., 2013; Jensen et al., 2017; Lauff et al., 1 

2018) with multi-faceted purpose and value (Design Council, 2015; Howard et al., 2008; Pahl et al., 2 

2007). Prototyping is the actualising and embodying of a concept with the intent to communicate or 3 

analyse, with a prototype being every instance of a design short of the final product. Effective 4 

prototyping, early and often, has a significant positive impact on the success of a design project 5 

(Camburn et al., 2017) and on the designers (Gerber, 2009). However, designing optimally and 6 

within the bounds of time, cost, and quality require pragmatic prototyping practice using 7 

appropriate mediums and fidelity (Ulrich and Eppinger, 2016). 8 

Design processes include a range of prototypes that span both physical and virtual domains, with 9 

each domain having different strengths and weaknesses (Liker and Pereira, 2018). Therefore, there 10 

is often a need to transition between domains. This transition often presents challenges, such as 11 

having the associated skill and resource requirements for complex multi-domain prototyping, 12 

transition cost (time and money), and difficulty in determining the most appropriate domain to 13 

resolve product definition questions (Ulrich and Eppinger, 2016). 14 

The past decade has seen a commoditisation of Mixed Reality (MR) technologies, which provide a 15 

means to work synchronously in both physical and virtual domains, reducing domain transition costs. 16 

In addition, the maturity and affordability of MR have recently reached sufficient levels to enable 17 

widespread adoption and effective implementation (see Google, 2020; Magic Leap, 2020; Microsoft, 18 

2020), providing a viable option for designers and design researchers. These factors have facilitated 19 

a growing number of case studies investigating the potential value that MR can bring to prototyping 20 

(see Figure 1). In enabling streamlined physical/virtual synchronisation and workflows in design 21 

prototyping, there is evidence that MR technologies may address physical/virtual transition 22 

challenges while simultaneously bringing substantial emergent benefits to the design process. 23 

 24 

 25 

Figure 1: Papers published with the search term 'Mixed & Reality & Design', split by Computer Science and  26 
Engineering research areas (primary axis) compared against the trend of papers published with the search term 27 

‘Design & Prototyping’ (secondary axis). (Data source: Web of Science) 28 

Figure 1 shows the number of papers presenting use cases, defining specific or potential benefits 29 

and value of the application of MR, and distinct applications in which MR is the enabling tool to 30 

intervene and explore a design process between 2000 and 2019. Figure 1 highlights that this is an 31 

area of growing interest when compared with the baseline growth of published design prototyping 32 

papers. An inspection of a subset of papers reveals that the majority adopt focused lines of 33 
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interrogation, often to the detriment of broader or emergent potential benefits, which may 34 

themselves be significant. While value is implied, there is little generalised understanding of the 35 

range of benefits that MR applications in prototyping may create. 36 

Given the growing interest by researchers (Figure 1), it is now feasible to elicit a more 37 

comprehensive characterisation of the benefits MR may enable within a design context and set 38 

directions for the field. Due to the speed at which capability is maturing, a characterisation cannot 39 

comprise an exhaustive list of potential benefits, but common themes, goals, and the potential of 40 

the technology can be collated and clarified. By clarifying these opportunities, design researchers 41 

and industry can build an understanding of the opportunity for exploration and iteration and set the 42 

direction for the development of prototyping support technologies. Correspondingly, and as the 43 

purpose of this paper, distinct dimensions are derived from a thematic analysis of the identified 44 

advantages, benefits, and affordances in the literature reviewed. In accord with the high rate of the 45 

ongoing development of MR technological capability, the dimensions are established on the basis 46 

that they will evolve and increase in time as both the technology and our understanding develop. 47 

This paper elicits and characterises the key dimensions of value of MR for prototyping. 48 

Thus, the contribution of this paper is in the elicitation and characterisation of the dimensions of 49 

value in the use of MR for prototyping. These dimensions provide a foundational understanding that 50 

will enable: 51 

(1) design researchers to understand the wider opportunities and full breadth of dimensions of 52 

potential value via a single, comprehensive, and organised source of mixed reality literature 53 

and an overview of the topics less explored; 54 

(2) computer scientists to understand the perspective of design researchers and thereby inform 55 

trajectories of technologies and interfaces to ensure they support designers and the design 56 

process; 57 

(3) designers to understand near-future trends and directions for the technology, and how it 58 

may influence the field and future practice; 59 

(4) tool developers to determine what academics are establishing as the broad capabilities, 60 

limitations, and best practices for implementation. 61 

The paper begins by detailing prototyping and mixed reality to bound the context of the review 62 

(Section 1). Section 2 then details the methodology consisting of a systematic literature review and 63 

thematic analysis to establish dimensions of value with respect to prototyping. The results are then 64 

presented in Section 3 and are followed by a discussion of findings and the implications moving 65 

forward (Section 4). Finally, the paper concludes with the review's key findings, reflections on the 66 

methodology, limitations, and directions for future work (Section 5). 67 

68 
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1. Prototyping and Mixed Reality 69 

The objectives, processes and strategies for prototyping have been explored by design researchers 70 

for the purpose of understanding and guiding best practice. Prototypes are built to fulfil a specific 71 

purpose (Camere and Bordegoni, 2016), and systematic and purposeful prototyping has been shown 72 

to provide significant value to task clarification (Jensen et al., 2017; Auflem et al., 2019) and later 73 

design stages (Camburn et al., 2013; Lauff et al., 2019; Menold et al., 2017). Table 1 presents a range 74 

of typologies of prototyping purposes and, despite an overlap, reveals a lack of consensus (Deininger 75 

et al., 2017). This variety of purposes generates a significant challenge for designers in identifying 76 

the most appropriate prototyping approach, domain, medium, and process.  77 

Table 1: Purposes for prototyping posed by design researchers 78 

Otto and Wood, 2001 Camburn et al., 2017 Israel et al., 2015 

 Communication 

 Demonstration 

 Scheduling and milestones 

 Feasibility 

 Parametric modelling 

 Architectural interfacing 

 Refinement 

 Communication 

 Exploration  

 Active learning 

 Design and development 

 External communication 

 Integration of the user 

 Internal communication 

Lauff et al., 2018 Ulrich and Eppinger, 2016 Menold et al., 2017 

 Communication 

 Informs Decision Making 

 Aids in Learning 

 Learning 

 Communication 

 Integration 

 Milestones 

 Frame for viability 

 Frame for feasibility 

 Frame for desirability 

 79 

Economic principles remain a leading driver for determining an appropriate balance of physical and 80 

virtual prototyping of products. Where realistic materials, high resolution, and broad scope should 81 

create more useful prototypes, such as the integrated prototype (Houde and Hill, 1997), they also 82 

substantially detract from economic efficiency. It follows that support and improvement of 83 

prototyping approaches should focus on this balance, appropriate scope of learning while minimising 84 

cost, and ensuring appropriate resolution for required purposes.  85 

This section continues by exploring the opportunity of integrated digital-physical prototyping. This is 86 

achieved by first discussing the physical and virtual domains in prototyping and their respective 87 

benefits and challenges, followed by combining these domains through mixed reality technologies. 88 

1.1. Physical Prototyping 89 

Physical prototypes are used throughout the design process, from early abstract concepts to the last 90 

complete system test. They bring tangibility to an idea, facilitating the ranges of purposes given in 91 

Table 1 (Camburn et al., 2017; Mathias et al., 2018; Lauff et al., 2018). A physical prototype is an 92 

unambiguous representation of a concept and is used for various purposes such as exploration and 93 

communication of form, testing of physical performance and behaviour, and validation of virtual 94 

model analysis. Physical prototypes are fabricated at a range of fidelities and from a range of 95 

materials depending on specific requirements, from low-fidelity foam and card models (typically 96 

employed in earlier design stages) to sophisticated, high-precision as-final systems (typically near to 97 

final production).  98 
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   99 

Figure 2: Examples of physical prototypes: (left) cardboard (centre) additive manufacture (right) complete system. 100 

Due to their unambiguous form, physical prototypes offer benefits through tangibility, providing 101 

insights into how a user will perceive and interact with the prototype, as well as validation of 102 

function or performance (Liker and Pereira, 2018). The tactile interaction with a prototype cannot be 103 

replicated in the virtual domain and often results in physical prototypes being used to validate 104 

virtual prototype learning. Fabricating the physical prototype can also expose flaws in the design, its 105 

interfaces, or the manufacturing or assembly process.  106 

The disadvantages of physical prototyping include fabrication time and cost, which often scales with 107 

fidelity and material requirements (Camburn et al., 2015), expense and complexity associated with 108 

effective testing, lack of flexibility once produced, and skill associated with design and manufacture 109 

across different fidelities of prototypes. Further, physical prototypes often suffer a lack of version 110 

control to document iterations (Erichsen et al., 2020), with few options for remote collaboration or 111 

ways of working as well as difficulties in extracting and documenting learnings from the prototype. 112 

1.2. Virtual Prototyping 113 

A virtual prototype is a digital mock-up, model or simulation, with the creation and testing of the 114 

virtual prototype being virtual prototyping (Wang, 2002). By modelling physical phenomena as a 115 

digital process, complex time-intensive calculations are offloaded to a computer and computed 116 

quickly, reliably and repeatably. These digital processes enable many advantages for virtual model 117 

making, such as planning for manufacture, simulation and analysis, and visualising permutations of 118 

form without costly physical remanufacture (Bharath and Rajashekar, 2015; Aromaa, 2017).  119 

   120 

Figure 3: Examples of virtual prototypes: (left) freeform model with Blender (centre) scanned point cloud with  121 
EinScan (right) preparation for manufacture with Cura. 122 

Virtual prototyping comprises many tools and processes, ranging from Computer Aided Design (CAD) 123 

modelling (e.g. parametric modelling, freeform surface modelling, point clouds, generative design) 124 

to systems modelling (e.g. Agent-based Modelling) or complex simulation and analysis (e.g. Finite 125 

Element Analysis (FEA), Computational Fluid Dynamics (CFD)). The virtual files can be incompatible 126 

or interoperable, meaning one virtual prototype often requires several representations. Working 127 

within the virtual domain gives substantial flexibility, rapidly manipulating form and other 128 

parameters, allowing designers to quickly probe, communicate, or learn about the solution space 129 

https://dmf-lab.co.uk/blog/measure-me-this-evaluating-metrology-solutions-for-the-digital-capture-of-evolving-prototypes/
https://dmf-lab.co.uk/blog/measure-me-this-evaluating-metrology-solutions-for-the-digital-capture-of-evolving-prototypes/
https://dmf-lab.co.uk/blog/measure-me-this-evaluating-metrology-solutions-for-the-digital-capture-of-evolving-prototypes/
https://dmf-lab.co.uk/blog/measure-me-this-evaluating-metrology-solutions-for-the-digital-capture-of-evolving-prototypes/
https://dmf-lab.co.uk/blog/measure-me-this-evaluating-metrology-solutions-for-the-digital-capture-of-evolving-prototypes/
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(Lawson et al., 2015). Virtual prototyping tools provide responsive reconfigurability and can save 130 

each state change, allowing for version control and an archive of the design to be captured and 131 

shared instantly via the internet (Erichsen et al., 2020).  132 

Whilst there are significant benefits to virtual prototyping, several challenges are associated with 133 

purely digital design activities. A virtual prototype is intangible, and physical properties such as scale, 134 

look and feel are challenging to emulate and are often visualised through a two-dimensional screen. 135 

In addition, there is a learning curve associated with every piece of software, each with different 136 

interfaces and constraints, increasing complexity and prototype realisation time (Leino et al., 2013). 137 

Good ‘data hygiene’ and documentation rigour must be considered as soon as a project has a digital 138 

element, the management of which can distract designers from the creative process. Further, the 139 

virtual prototype will rely on many assumptions and confidence in the model must always be taken 140 

into consideration (Berg and Vance, 2017).  141 

1.3. Virtual vs Physical 142 

Although sharing similar purposes, physical and virtual prototyping present distinct benefits and 143 

weaknesses (Coutts et al., 2019) and are summarised in Figure 4. While modern engineering requires 144 

both, their combinatorial use presents challenges in transitioning between the two domains and is 145 

exacerbated by prototype complexity. Digital-physical integration, as it is referred to, has seen 146 

recent technological developments such as Augmented Analytics (Bach et al., 2019), Digital Twins 147 

(Jones et al., 2019) and Immersive Experiences (Autodesk, 2019). These technology trends could be 148 

enablers for the integration of physical and virtual prototyping (Panetta and Gartner, 2018; Nee et 149 

al., 2012; Li et al., 2017). 150 

 151 

Figure 4: Spectra of replicability, flexibility, tangibility, and validity, showing how virtual and physical prototypes can be 152 
considered counterpoint. 153 

Many strengths of physical and virtual prototyping are complementary, as shown in Figure 4. 154 

Replicability is the ability to duplicate (and hence iterate/transition) a prototype. A physical 155 

prototype requires materials and time to manufacture and assemble, while for a virtual prototype, 156 

duplication is as simple as saving the file that can be shared to remote workstations. Variables can 157 

quickly be changed for a virtual prototype, with the effects quickly visible, providing flexibility that 158 

requires more effort with physical prototypes. Physical testing is usually required to validate virtual 159 

simulation and analysis, building confidence in the overall design and its capability. Tangibility and 160 

the lack thereof is a key disadvantage of virtual prototypes.  161 

With complementary strengths, combining the tangibility of a physical prototype with the analytic 162 

capability and flexibility of virtual proposes an opportunity to leverage both domains simultaneously. 163 



 

Page 6 of 34 
 

Here, prototypes become highly interrogable physical objects augmented with virtual capabilities 164 

that can be rapidly iterated and tested to optimise form through simulation without frequent, 165 

potentially costly remanufacture. 166 

1.4. Mixed Reality Prototyping 167 

For many decades, there has been research into the realisation of merging the physical and virtual 168 

into a single cross-domain interface (Sutherland, 1968; Rheingold, 1991). More recently, the 169 

commoditisation of mixed reality capable hardware provides an opportunity to explore their use in 170 

prototyping. Mixed Reality (MR) is the term used to describe the entire continuum of reality 171 

between real and virtual (Milgram et al., 1995), Figure 5, with the positioning of an MR system on 172 

the continuum typically determined by its display (Bimber and Raskar, 2006). The user and their 173 

interface with the system can also provide foundations when describing mixed reality capabilities 174 

(Anthes et al., 2016; Roo and Hachet, 2017), or the properties of the physical artefact being 175 

augmented and the environment surrounding it (Aoyama and Kimishima, 2009; Schleich et al., 2017). 176 

 177 

 178 

Figure 5: Virtual Reality Continuum (Adapted from Milgram et al., 1995). 179 

MR has seen a step-change in capability, with commercially successful applications utilising handheld 180 

devices as the display screen and processor (Niantic, 2016; Google, 2020) and head-mounted, 181 

gestured-controlled displays now available to consumers (Microsoft, 2020; Google, 2020; Magic 182 

Leap, 2020). With the technology maturing, opportunities have arisen for MR to leverage the 183 

benefits of physical/digital integration in several domains, including engineering (Funk et al., 2015; 184 

Paelke, 2014), education (Jimeno-Morenilla et al., 2016; Ibáñez and Delgado-Kloos, 2018; Drljevic et 185 

al., 2017), smart homes (Günther et al., 2018; ElSayed et al., 2016), architecture (Kent et al., 2019; 186 

Nguyen et al., 2016), healthcare (Barsom et al., 2016; Wüller et al., 2019) and security (Lukosch et al., 187 

2015). MR is joining smart devices that have ubiquity in the workplace, providing scope and 188 

opportunity to explore how mixed reality can best support design prototyping. 189 
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190 

 191 

Figure 6: A range of mixed reality prototypes. (upper-left) A fiducial marker driven interface (Kelly et al., 2018), (upper-192 
centre) programmable projection on mixed media scenes (Kim et al., 2016), (upper-right) an immersive 3D modelling 193 

environment (Reipschläger and Dachselt, 2019), (lower-left) viewing documentation and CAD in-situ (Mohr et al., 2015), 194 
(lower-right) MR supported interactive fabrication and artefact editing (Peng et al., 2018). 195 

In prototyping, MR provides the capability to synchronise the digital and physical domains in near 196 

real-time, anchoring virtual information into the physical world. What comprises and how best to 197 

represent an MR prototyping system is still undetermined, with the taxonomy of technologies, 198 

algorithms and capabilities that comprise MR being a significant field of research that is actively 199 

being pursued (Parveau and Adda, 2018; Yuan, 2018; Zollmann et al., 2020). Figure 6 highlights a 200 

range of systems in which the physical artefact is augmented or enhanced through the 201 

superimposition of virtual information. Each has a physical artefact and a virtual counterpart with 202 

varying fidelities and capabilities, but each are, unmistakably, mixed reality prototypes.  203 

1.5. The need for formalisation of benefits of mixed reality in design 204 

There have been a number of exploratory studies applying MR to support elements of design 205 

prototyping. The studies have focused on individual aspects such as enabling technologies (Verlinden 206 

et al., 2006), design and manufacturing (Nee et al., 2012), design practice (Giunta et al., 2018), and 207 

analysis and simulation (Li et al., 2017). They have shown clear and demonstrable value in 208 

supporting learning and decision-making.  209 

To date, however, there has been little holistic investigation into the hypothesised benefits to 210 

prototyping or generalised value beyond the specific use case. As such, there is little by way of 211 

knowledge or guidance on how and why MR technologies may create benefits in design or the 212 

challenges inherent in their implementation. Leveraging the range of MR use cases, this paper 213 

performs a comprehensive and systematic literature review followed by thematic analysis to identify 214 

key dimensions of value and contextualise opportunities and challenges for MR within design 215 

prototyping. 216 

217 



 

Page 8 of 34 
 

2. Methodology 218 

To determine dimensions of value, a mixed methods review was performed comprising two passes, 219 

outlined in Figure 7. The first pass comprised a general literature review followed by a second pass 220 

of literature using a targeted systematic review (Grant and Booth, 2009).  221 

 222 

  223 

Figure 7: Review methodology leading to dimensions of value, (left) first pass including broad pass of literature and (right) 224 
second, more directed pass of literature. 225 

In the initial search for relevant papers, it was found that many adopt specific lines of interrogation 226 

without consideration of broader emergent potential benefits. The initial search elicited papers from 227 

a broad range of publications and fields and underpinned a need for a more contextualised second 228 

pass of literature in the form of a systematic literature review.  229 

Contrasting with the broad first pass, the second pass aims to provide a targeted comparison of a) 230 

‘technology push’ (i.e., the domain of technology development and research) to b) ‘design pull’ 231 

(design process research) perspectives. In so doing, it contrasts the purported capabilities identified 232 

by the former with the needs and objectives required by the latter. This pass is realised through 233 

identifying conference and journal tracks assuming these perspectives. These are defined in Section 234 

2.4. This combinatory approach ensures that the subject area is considered holistically and that the 235 

application is explicitly considered in the context of supporting design. Table 2 shows the steps taken 236 

and highlights the rationale for each step. 237 

Table 2: Review methodology and rationale. 238 

No. Step Rationale 

First pass: Extract implementations and benefits from a broad review of literature, explicitly 
targeted to the research context. 

1 Perform a recursive citation 
traversal of literature stemming 
from exemplary papers. 

Provides an initial corpus of papers that underpin use 
cases targeted specifically to design prototyping, 
comprising the most directly relevant literature. 

2 Keyword search using Google 
Scholar. 

Extends the corpus beyond design prototyping, 
ensuring broad capture of MR implementations and 
potential dimensions of value.  

3 Thematic analysis through the 
creation of a list of identified 
opportunities and benefits. 

From the corpus, identify the opportunities for 
augmenting physical prototypes that are extant in 
literature and academic research, contextualised to 
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 design prototyping. By drawing out key themes from 
the use cases, research gaps and indicators can be 
identified, with indicators for new research 
opportunities and dimensions of value. 

Second pass: Direct focus on MR technology and design research domains, ensuring results are 
directly applicable to the research context. 

4 Repeat steps 3 & 4, with design pull 
and technology push, focussed 
captures of literature from relevant 
conferences and journals. 

To provide focus through the collation of  ‘technology 
push’ (technology development and research) to b) 
‘design pull’ (design process research) perspectives. 

5 Distillation of generated themes. 
 

By comparing the sets of found themes, a definitive set 
of dimensions of value can be presented for discussion, 
leading to future directions for research.  

2.1. Citation Traversal 239 

Initially, two exemplar papers were selected as a foundation to start the search (Verlinden et al., 240 

2003; Park et al., 2009), each using MR to support prototyping in design and chosen for their citation 241 

significance and relevance to the subject matter. These papers were used to identify further relevant 242 

papers using a recursive citation traversal of papers either citing or cited by each paper. 243 

A paper was added to the corpus if it passed the following criteria: 244 

 Not previously considered 245 

 Published during or after 2009 246 

 Obvious application to prototyping, as defined in Section 2 247 

 Augmentation of a physical artefact to ensure relevance to digital-physical integration 248 

 Demonstrative technology to ensure all purported benefits are evidenced 249 

 Published in English 250 

Forward and backward citations of all papers added to the corpus were also considered to capture 251 

relevant papers to the topic.  252 

2.2. Keyword Search 253 

To capture relevant literature outside of the exemplar paper citation traversal, common keywords 254 

were extracted from the titles and abstracts of papers in the corpus. The selected keywords ensured 255 

the two themes of mixed reality and prototyping and included mixed prototyping, augmented 256 

prototyping, virtual prototyping, and tangible interaction. Google Scholar was utilised as the search 257 

engine to gather additional use cases as it is not affiliated with any specific research fields, journals, 258 

or conferences. Found papers were added to the corpus only if they met the criteria outlined in 259 

Section 2.1. 260 

2.3. Thematic Analysis 261 

To draw themes from the corpus of papers, the KJ method was utilised (Viriyayudhakorn, 2013). This 262 

method comprises four steps: (i) label making, (ii) label grouping, (iii) chart making and (iv) 263 

explanation. For the (i) label making step, each label consists of the augmentations to a physical 264 

prototype or an extracted MR dimension of value. Table 3 highlights the criteria and rationale used 265 

when extracting augmentations from each of the papers. This extraction was completed manually by 266 

the authors, with examples shown in Table 4. Many of the papers contributed several 267 

augmentations. The list generated at this stage was used to derive common themes for how MR has 268 

been used to support design prototyping, to what extent each area has been explored, and from 269 

which domains. 270 
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Table 3: Criteria for augmentations for capturing dimensions of value. 271 

Criteria Rationale 

Obvious application to prototyping Remains contextualised to the subject matter 

Augmentation of a physical artefact Incorporates benefits of a physical prototype 

Demonstrative technology Presents an implementation beyond the proposal stage 

 272 

Each label can only have one thought or concept, and each label is kept succinct. The collated labels 273 

are then shuffled and grouped into themes, as the (ii) label grouping step, by collating terms with 274 

similar objectives or achieving similar goals. Term groupings are then given a succinct title that 275 

encapsulates their contents. Groups are then defined independently and in relation to each other as 276 

part of the (iii) chart making step to understand the relationships and dependencies between them. 277 

Finally, in the (iv) explanation step, each group is repeatedly defined until it can be done so 278 

succinctly and unambiguously. The output from this step can be seen in Table 8.  279 

Table 4: Example set of extracted augmentations. 280 

Paper Extracted augmentation  

What you Sculpt is What you Get: Modelling Physical 
Interactive Devices with Clay and 3D Printed Widgets 
(Jones et al., 2016) 

 Physical sculpting 

 Digital representation 

 Reconfigurable user interface 

Mechanism Perfboard: An Augmented Reality 
Environment for Linkage Mechanism Design and 
Fabrication (Jeong et al., 2018) 

 Mechanism simulation 

 Configurable design 

 Tangible design kit 

Tangible augmented prototyping of digital handheld 
products (Park et al., 2009) 

 Added Functionality 

 Tracked physical objects 

 High fidelity visualisation 

 Interface Simulation 

Human-centric design personalization of 3D glasses 
frame in markerless augmented reality (Huang et al., 
2012) 

 Role-based visualisation 

 CAD generation 

 Layout design 

 281 

2.4. Second Pass: Technology Push and Design Pull 282 

The second pass focused on a) a ‘technology push’ of hardware/software implementations 283 

investigating MR but not necessarily within design researchers’ field of view (i.e., from HCI field), and 284 

b) a ‘design pull’ of demonstrable cases of MR being used by design researchers. To maintain a 285 

targeted focus, specific parallel keywords were used to identify additional papers in both the 286 

technology push and design pull domains. Papers were filtered as before, detailed in Section 2.1, 287 

with the additional criteria of having to be published on or after 2015 for conferences to maintain a 288 

feasible scope. 289 

To find technology push literature, five years of CHI and CHI SIG proceedings were considered. For 290 

CHI, the search term used was [Keywords: augmented mixed reality prototype] AND [Publication 291 

Date: (01/01/2015 TO *)]. In addition, relevant special interest groups, namely Interactive Surfaces 292 

and Spaces (ISS), User Interface Software and Technology (UIST), and International Symposium on 293 

Mixed and Augmented Reality (ISMAR), were also considered. 294 

To find design pull literature, the Design Society search engine was utilised. Two separate searches 295 

were conducted, “+augmented reality” and “+mixed +reality”, filtered to results published in or after 296 
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2015. The keyword ‘prototype’ is a core term to this field and was therefore excluded due to the 297 

prevalence of the word in a significant number of irrelevant papers. The International Journal on 298 

Interactive Design and Manufacturing (IJIDEM) was also considered in this step due to it being the 299 

source of several of the first corpus papers.  300 

2.5. Distillation of Generated Themes 301 

The same augmentation and theme identification process performed for the first pass corpus were 302 

repeated for the second pass, identifying further themes and benefits. By contrasting and combining 303 

the generated themes, a single cohesive set of benefits was defined. This holistic set is influenced by 304 

use cases specific to prototyping studies, use cases driven by technology, and use cases driven by 305 

design research. The following section presents the outputs from each stage of the systematic 306 

literature review, each thematic analysis, and outputs from the comparison of the sets of themes. 307 

 308 

3. Results 309 

This section presents the results from each literature review pass and concludes by mapping all 310 

corpus papers against the thematic review output. Figure 8 provides a summary of the process. 311 

 312 

 313 

 314 

Figure 8: Results leading to dimensions of value. 315 

 316 

3.1. First Pass: Citation Traversal and Keyword Search  317 

Stemming from the two initial exemplar papers, the recursive citation traversal (see Section 3.1 & 318 

3.2) resulted in 211 candidate papers, of which 14 papers were added to the paper corpus and are 319 

summarised in Table 5. From these 14 papers, the following keywords were determined: mixed 320 

prototyping, augmented prototyping, virtual prototyping and tangible interaction. The first five 321 

pages of Google Scholar results of each keyword search were then considered. Following passing 322 

through the filter given in Section 3.1, the keyword search contributed an additional 14 papers to 323 

the corpus. The 28 found papers are from 21 sources, further enforcing that there is no single 324 

conference or journal positioned specifically to target MR for design research and confirms the 325 

requirement for the multi-phased approach. 326 

 327 

 328 

 329 
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Table 5: First paper corpus. 330 

Search Method Found Papers 

Initial Papers (Park et al., 2009; Verlinden et al., 2003) 

Citation Traversal 

(Aoyama and Kimishima, 2009; Aromaa and Väänänen, 2016; Barbieri 
et al., 2013; Bordegoni, Polistina, et al., 2010; Bruno et al., 2012; Bruno 
et al., 2011; Faust et al., 2018; Huang et al., 2012; Kim and Nam, 2015; 
Lee et al., 2011; Lee et al., 2009; Lin et al., 2019; Park and Moon, 2013; 
Simon et al., 2012) 

Keyword Search 

(Arrighi and Mougenot, 2019; Fröhlich et al., 2018; Funk et al., 2014; 
He et al., 2019; Heun et al., 2013; Ibanez et al., 2015; Kelly et al., 2018; 
Lucas et al., 2018; Maurya et al., 2018; Mora et al., 2016; Peng et al., 
2018; Zhang and Kwok, 2018) 

 331 

From the first corpus of 30 papers, 72 augmentation labels were defined. After familiarisation, labels 332 

were grouped into like categories as part of the thematic analysis process described in Section 2.3, 333 

leading to the dimensions of value shown in Section 3.3. Many of the papers contributed to several 334 

dimensions of value. The papers and their assignments can be found in Appendix A. The preliminary 335 

dimensions of value found from the first are; to create/evaluate functionality (13 assigned papers), 336 

to create/evaluate form (14), to visualise digital artefacts at high fidelity (13), to assess interface 337 

usability (10), to create / store / visualise data (6), to integrate simulation and analysis (8) and to 338 

enable remote working (8). 339 

3.2. Second Pass: Technology Push and Design Pull 340 

Relevant conference and journal tracks from design and technology fields have been explored 341 

through the same lens. Technology push literature identified 448 candidate papers, with 37 342 

matching the criteria defined in Section 2.4. SIG publications collectively contributed 13 additional 343 

papers. For design pull literature, 58 candidate papers were identified through Design Society 344 

publications, with 16 added to the corpus, and IJIDEM yielded 12 further relevant papers.  345 

Table 6: Publication corpus at this stage, with the number of identified papers. 346 

Technology Field Design Field 

CHI 37 IJIDEM 12 

ISMAR 8 ICED 8 

UIST 3 Design 3 

ISS 2 Design Studies 2 

  Research in Design 1 

  NordDesign 1 

  ICEPDE 1 

Total Papers 50 Total Papers 28 

 347 

Seventy-eight papers were identified and are summarised in Table 6.  The labelling of which resulted 348 

in 130 augmentation labels. The labels were subsequently grouped into like categories following the 349 

process outlined in Section 2.3. As before, many of the papers contributed to several themes. The 350 

papers and their final assignments can also be found in Appendix A. The preliminary dimensions of 351 

value found at this stage are; to create form/function (17 attributed papers), to sketch and configure 352 

form/function (17), to capture and manage data (22), to integrate simulation and analysis (13), to 353 

visualise form, data, and role (41), and to enable collaborative working (14). 354 
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3.3. Defining Dimensions of Value 355 

The two sets of themes were directly compared and used to form a single cohesive set and are 356 

shown in Table 7. While clear overlap is evident in the themes identified in each pass, some 357 

discrepancies require further consideration. Where a discrepancy existed between themes, the 358 

intention of papers within each was combined to produce a cohesive set. For example, labels 359 

involving creating and configuring either form or function was amalgamated into a single theme. 360 

Labels attributed to interface visualisation or interface usability assessments were split into the 361 

more prominent Visualisation or Knowledge Management themes on a case-by-case basis due to no 362 

clear theme for these labels emerging. The dimensions of value are discussed in Section 4.1. 363 

Table 7: Distilled themes from the first and second pass and their synthesis into the dimensions of value. 364 

1st Pass: Citation / Keyword Themes 2nd Pass: Tech / Design Themes 
Dimensions of 

Value 

to create / evaluate form to create form / function 

Creation and 
Configuration 

 
to sketch and configure 
form/function 

to create / evaluate functionality to add behaviour and functionality 

to visualise digital artefacts to visualise form, data, and role 
Visualisation 

to assess interface usability to test users and user interfaces 
Knowledge 

Management to create / store / visualise data to capture and manage data 

to integrate simulation and analysis to integrate simulation and analysis Integrated Analysis 

to enable remote working to enable collaborative working Collaboration 

All papers across the corpus fit within the identified themes, hereon termed dimensions of value, 365 
and defined in Table 8. Appendix A presents all 108 papers mapped to the final identified dimensions.  366 
 367 

Table 8: Summary of dimensions of value. 368 

Dimension of Value Summary 

Creation & 
Configuration 

Create or configure a prototype virtually or physically with a near 
synchronous reflection in the opposing domain. Interact from the domain 
that works best for the task and explore form and function with a reduced 
cycle and iteration time. 

Visualisation 

See more about and around the physical or virtual prototype with the 
capability of visualising: the prototype at higher fidelity, otherwise 
imperceptible internal geometry/circuitry, various load-outs for user 
testing, metadata, decision rationale or previous iterations. 

Knowledge 
Management 

Create, store, and visualise information about the prototype. Capture how 
it is used, why it is the way it is, by who, and when. Here, data becomes 
readily retrievable information and is directly linked to a prototype 
instance rather than as notes or databases. 

Integrated  
Analysis 

Augment the prototype with the capability to interact directly with expert 
systems to explore, iterate and improve the prototype. Ensure capability 
and compliance, with the ability to visualise to what extent in real-time. 

Collaboration 

Facilitate collaborative working by enabling remote creation, visualisation, 
interaction, capture and communication of a prototype. Remove 
ambiguity when designing as part of a group through augmentation of a 
focused-to-purpose prototype. 
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Many papers contribute to multiple dimensions, signifying relationships between them. This is 369 

captured in Figure 9 via a chord diagram. This also indicates that each opportunity does not exist in 370 

isolation, and capitalising on one of them will most likely positively impact one or more other 371 

dimensions. 372 

Within Figure 9, every one-to-one relationship permutation is accounted for, so a paper that 373 

contributes to three dimensions of value will be accounted for three times. Creation and 374 

Configuration and Visualisation are clearly the more mature dimensions of value, with a large 375 

number of contributions. An argument can be made that all MR implementations depend on 376 

Visualisation to some extent, although it is only acknowledged explicitly by some. Collaboration, 377 

Knowledge Management, and Integrated Analysis, despite having fewer overall attributions, 378 

maintain relatively consistent proportions of papers that are siloed and that link dimensions. This 379 

suggests that none are a pure subset of any single other and hence that all are valid dimensions in 380 

their own right. 381 

 382 

Figure 9: Chord diagram showing the dimensions of value and the relationships between them in terms of the number of 383 
connections (integer value) and the proportion of those connections for that dimension (percentage value). 384 

(*Percentages may not total 100 due to rounding) 385 

Approximately one-third of the papers were assigned to a single dimension of value. This 386 

predominance suggests that researchers are currently more focused on specific cases than broader 387 

implementation, hence an opportunity for more holistic research spanning the dimensions of value. 388 

Only a single paper spanned all five dimensions (Lee et al., 2011). 389 

Two-thirds of the papers demonstrated contributions to several dimensions of value, with Table 9 390 

showing the papers attributed to each. These dimensions are not mutually exclusive and have room 391 

to grow as both the capabilities of the technology and our understanding of design develop. Creation 392 
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and Configuration and Visualisation are well-recognised areas in which MR holds inherent value. In 393 

contrast, Knowledge Management, Integrated Analysis, and Collaboration hold more peripheral 394 

benefits, requiring external hardware or software to capitalise on the opportunities fully. In this 395 

sense, their value can be considered to be emerging.  396 

3.4. Summary of Results 397 

This section has identified five discrete dimensions of value extracted from the systematic review 398 

and thematic analysis. The complete corpus of papers mapped to the identified dimensions of value 399 

is presented in full in Appendix A.  400 

Table 9: Counts of papers attributed to each theme. 401 

Final Themes 
Attributed Papers 

First Pass Tech Push Design Pull Total 

Creation and Configuration 23 17 10 50 

Visualisation 11 22 18 51 

Knowledge Management 5 14 5 24 

Integrated Analysis 7 6 6 19 

Collaboration 7 7 5 19 

Total number of papers contributed 30 50 28  

 402 

4. Discussion  403 

The reported benefits and advantages of MR have been collated through a systematic review and 404 

thematic analysis of two sets of literature, resulting in five dimensions of value. This section explores 405 

these dimensions, reinforces the design research context, and is followed by challenges and 406 

implications. The section concludes with the limitations of the methodology and the opportunities 407 

for future work. 408 

4.1. Exploring the Dimensions of Value 409 

This section discusses each dimension by dissecting the corpus and exploring what the dimension is, 410 

the benefits seen, tech demonstrators, and specific challenges still to overcome. 411 

4.1.1. Creation & Configuration 412 

Fifty papers include capability concerning either the creation or configuration of geometry or 413 

existing components via tangible interaction with the virtual world. This occurs through a variety of 414 

MR technologies such as computer vision and integrated sensors that provide the ability to track 415 

tangible objects (Arrighi and Mougenot, 2019; Fröhlich et al., 2018; Maurya et al., 2018) and 416 

interpret hand gestures (Aoyama and Kimishima, 2009). By tracking a linked physical artefact and 417 

gestural interaction, a virtual prototype can be given rapid and flexible configurability with tangible 418 

and direct interaction. This configurability can take many forms from purely aesthetic (Verlinden et 419 

al., 2003), with changes reflected in the digital version of the design, to allowing users to completely 420 

replace or deform the geometry (Collins and Bartoli, 2015; Jones et al., 2016) or interface (Barbieri et 421 

al., 2013) of the prototype. Creation and Configuration activities can be considered analogous to a 422 

CAD package for virtual prototyping. The form and function can be changed with the addition of the 423 

ability to see the prototype in-situ within the real world rather than through a computer display. 424 

For example, consider MR implementations for a button design, which may have many physical 425 

options comprising bespoke or standard components. TILES is a toolkit to create interactive objects 426 
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that are small, configurable and smart, with a variety of embedded sensors (Mora et al., 2016). QR 427 

codes and sensors are used on a physical surface to demonstrate interface permutations (Barbieri et 428 

al., 2013; Jain and Choi, 2019). Other physical objects can act as substitutes for the button (Funk et 429 

al., 2014; Heun et al., 2013). Lee et al. (2011) use markers to simulate configuration at different 430 

scales (Kent et al., 2019). Creation can also occur entirely without a tangible instance, using gestural 431 

input (Jailungka and Charoenseang, 2018) or a range of novel input devices (Park and Moon, 2013; 432 

Prieto, 2011; Yue et al., 2017). Each demonstrates a range of unique ways that a simple button could 433 

be created or configured during prototyping. 434 

    435 

Figure 10: (left) Creating and editing a virtual prototype using gestures (Jailungka and Charoenseang, 2018), (centre-left) 436 
an immersive 3D modelling environment (Reipschläger and Dachselt, 2019), (centre-right) an MR room configuration tool 437 

(Arrighi and Mougenot, 2019), (right) a configurable AR interface panel (Barbieri et al., 2013). 438 

Technical challenges that must be overcome to leverage the technology include localisation and 439 

coupling of the physical and virtual spaces, interface and interaction methods (Jailungka and 440 

Charoenseang, 2018), resolving occlusion errors, and increasing synchronisation speed (Reipschläger 441 

and Dachselt, 2019).  442 

4.1.2. Visualisation 443 

Visualisation concerns the presentation of the prototype at different fidelities and scales (Arrighi and 444 

Mougenot, 2019; Hettiarachchi and Wigdor, 2016; Verlinden et al., 2003) and is included in fifty-one 445 

of the papers. This allows the investigation of complex or ambiguous elements of a design, such as 446 

the ability to view obscured internal geometries or circuitry (Hahn et al., 2018), high fidelity 447 

visualisation in the context of the design (Büschel et al., 2017; Lilija et al., 2019) or the physical 448 

prototype in its intended environment (Benford et al., 2018; Huang et al., 2012; Lee et al., 2011). 449 

MR’s value lies in the flexibility of visualisation and the ability to bring a variety of information 450 

directly into the context of the design and its real-world environment. This is an advantageous 451 

attribute given the importance of visualisation for user experience and understanding efficiency 452 

(Ferrise et al., 2017). 453 

Combining visualisation with prototyping-in-progress allows designers to be more informed with in-454 

situ information with less time/investigative overhead earlier in a project. This can also support 455 

usability testing without requiring manufacture (Choi and Mittal, 2015). MR has been used to 456 

overlay design knowledge and predetermined analysis on circuit diagrams or Printed Circuit Boards 457 

(PCB) as an educational tool (Lucas et al., 2018; Ibanez et al., 2015). In addition, MR has been used to 458 

modify the immediate surroundings to enhance prototype immersion (Lindlbauer et al., 2017; Lo et 459 

al., 2018). The information displayed can be interactive to support design optioneering (Verlinden et 460 

al., 2003) or personalisation (Huang et al., 2012). A fully integrated MR platform could leverage 461 

many virtual prototypes to provide designers with relevant information succinctly and at appropriate 462 

times. 463 
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   464 

Figure 11: (left) Extending the geometry of a physical cube using a head-mounted display (Lindlbauer et al., 2017), (centre) 465 
a high fidelity visualisation using a handheld device (Choi and Mittal, 2015), (right) editable packaging with high fidelity 466 

visualisation using projection mapping (O’Hare et al., 2018). 467 

The challenges associated with Visualisation are generally hardware bound and often determines 468 

the fidelity of the overlay. There are opportunities for design researchers to determine best 469 

practices in provisioning design information through MR and understanding when it is appropriate to 470 

use MR in the design process (Forbes et al., 2018). 471 

4.1.3. Knowledge Management 472 

Data is ubiquitous in design, and its management can be critical to a project's success (Snider et al., 473 

2019), although only twenty-three of the papers exploit this. Data is used to describe a range of 474 

extant information, including requirements, design rationale, operational data, test plans, results, 475 

and analysis. This data is also inextricably linked to the physical prototype. This dimension is 476 

concerned with the data flow between digital and physical and vice versa, how to capture that data, 477 

how it is stored, siloed, and retrieved. 478 

Annotations, such as design rationale or assembly/disposal notes, can be integrated and visualised 479 

as part of the prototype (Fakourfar et al., 2016; Lee et al., 2009; Miksik et al., 2015; Shi et al., 2017). 480 

Knowledge Management also includes uses such as source control integration (He et al., 2019) and 481 

connections to open data sources such as component libraries (Stemasov et al., 2020). The ability to 482 

augment two interfacing components could quickly highlight overlapping geometries (Manou et al., 483 

2019; Moteki et al., 2018) and be used to document design decisions (Aoyama and Kimishima, 2009) 484 

and assembly instructions (De Amicis et al., 2018; Funk et al., 2015). 485 

   486 

Figure 12: (left) Retrievable annotations (He et al., 2019), (centre) viewing dimensions and manufacturing defects (Moteki 487 
et al., 2018), (right) utilising and editing from an existing library of components (Stemasov et al., 2020). 488 

Knowledge Management is a field of research in itself, with many of the challenges of this dimension 489 

of value similar to those already extant to the field. Additional requirements come in connecting to 490 

existing data sources, storage, and its provision to a user. The technologies used to capture data can 491 

also be facilitated by the augmenting hardware, although this is hardware dependant. Data security 492 

must also be considered, with access to data considered with MR interactions. 493 

 494 

 495 
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4.1.4. Integrated Analysis 496 

Integrated Analysis embeds expert systems within the virtual domain such as FEA (Ong and Huang, 497 

2017), CFD (Lin et al., 2019), and circuit simulation (Lucas et al., 2018) directly into prototype 498 

exploration (Ferrise et al., 2011), with nineteen use cases found in the literature search. User actions 499 

are interpreted in near real-time, interfacing with expert system parameters to analyse the impact of 500 

changes (Ong and Huang, 2017).  501 

These augmentations can be used as a creative or analytic toolset that can provide a tangible 502 

interface to a virtual system (Jeong et al., 2018; Knierim et al., 2018; Manou et al., 2019) or a 503 

learning environment for a specific subject matter (Ibanez et al., 2015; Radu and Schneider, 2019). 504 

Ong and Huang (2017) augmented near real-time FEA analysis over a physical prototype. Interaction 505 

with the analysis occurs via an AR-based interface, providing the opportunity to place virtual loads 506 

onto the physical prototype and see the result. 507 

   508 

Figure 13: (left) viewing a CFD analysis in-situ on a handheld device (Lin et al., 2019), (centre) generating and viewing a 509 
linkage mechanism using projection (Jeong et al., 2018), (right) viewing thermal conduction of a metal object using a head-510 

mounted display (Knierim et al., 2018). 511 

This broad and significant benefit comes with commensurate challenges and costs. For example, in 512 

implementing Integrated Analysis with MR, an expert system with which to interface must first exist, 513 

or a bespoke system must be designed in tandem. MR provides the interfaces, both tangible and 514 

interactive, but the development of the system with which to integrate must be led by the domain 515 

experts and is constrained by the processing capability of the application. 516 

4.1.5. Collaboration 517 

Nineteen papers were assigned to collaborative working. MR can integrate with existing productivity 518 

tools as well as enable new communication and collaboration methods and project management 519 

tools that are peripheral to prototyping activities. MR presents the opportunity to seamlessly 520 

integrate these activities into design workflows, thereby enabling designers to maintain focus on 521 

designing. MR offers a means in which to share a workspace or data despite working remotely, using 522 

a variety of avatars and augmentations (Roo and Hachet, 2017). Collaborators may also be co-523 

located, using a range of devices to achieve the prototype's purpose (Wells and Houben, 2020; 524 

O’Hare et al., 2018; Giunta et al., 2019).  525 

MR can enable remote working and editing of prototypes by providing a method to edit multiple 526 

instances in multiple locations in parallel. Two remote teams may simultaneously view and interact 527 

with design changes, notes, and information, thereby creating a real-time network of prototypes and 528 

environments (Yang et al., 2015; Zillner et al., 2018). Peng et al. (2018) have created a system that 529 

allows gestural remote 3D printing using a robotic 3D printer and an AR controller. Zhang and Kwok 530 

(2018) demonstrate using a mobile-based AR interface to sketch over a physical prototype, with a 3D 531 

printer able to realise the changes directly onto a set of remote ‘twinned’ prototype ‘siblings’. Entire 532 
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subsystems being worked on by remote teams may interface virtually with local subsystems, 533 

communicating in real-time with the remote team (Yang et al., 2015). 534 

The challenges associated with collaboration are two-fold. The first challenge is establishing best 535 

practices for representing the objects, environments, users and their interactions in a real-time non-536 

intrusive manner (Roo and Hachet, 2017). The second challenge is externally sharing a physical 537 

prototype, which currently must be delivered or individually fabricated at each site. Several papers 538 

are addressing this second challenge with novel approaches (Peng et al., 2018; Zhang and Kwok, 539 

2018).  540 

4.2. Mixed Reality Dimensions of Value and Design  541 

With such broad potential, it is important to contextualise to design prototyping. This section 542 

enforces the design research context, identifying opportunities, challenges and implications moving 543 

forward. 544 

4.2.1. Opportunities for Design 545 

Not every potential benefit should be considered applicable to every prototype purpose. Table 10 546 

proposes a mapping of benefits of each dimension of value against types of prototype as defined by 547 

Ulrich and Eppinger (2016). In so doing it presents each dimension of value directly in context of 548 

design activity. The content of the table presents both demonstrable capabilities drawn from the 549 

thematic analysis and hypothesised capabilities following those presented within the discussion. It is 550 

intended to be illustrative but non-exhaustive, showing the breadth of applications and potential for 551 

value that MR creates. While many of the stated examples are evidenced in literature drawn from 552 

within this work, further study for verification is required. 553 

Table 10: Expanding on methods in which MR can support prototyping within a design context. 554 

Dimension of 

Value / 

Prototyping 

Activity 

Learning Communication Integration Milestones 

Creation and 

Configuration 

- To explore the solution 

space 

- To test configurations 

- To use permutations to 

prompt discussion 

- To present alternatives 

- To ensure compatibility - 

of sub-systems 

- To explore a range 

of solutions 

Visualisation 

- To get insight into form 

and function 

- To view prototype at a 

range of fidelities 

- To share high fidelity 

view of prototype 

- To explain concepts 

- To communicate 

aesthetics 

- To visualise the role of 

the prototype 

- To render at high fidelity 

- To inform decision-

makers 

Knowledge 

Management 

- To capture 

requirements 

- To create annotations 

- To capture rationale 

- To collect feedback 

- To enable integrated 

source control 

- To verify 

requirements 

- To test compliance 

Integrated 

Analysis 

- To gain insights from a 

complex simulation 

- To enable process 

simulation 

- To validate the analysis  

- To interpret results 

- To embed analysis 

- To ensure compatibility 

between sub-systems 

- To integrate complex 

simulation  

- To verify 

performance metrics 

- To validate the 

specification 

Collaboration 

- To foster tangible 

collaboration 

- To share prototypes 

- To facilitate 

communication 

- To instantaneously share 

prototypes and deltas 

- To enable remote 

support 

- To enable interface 

mapping 

- To enable rapid 

digitisation  

- To enable remote 

design reviews 

- To enable remote 

support 

 555 

 556 
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4.2.2. Implementation Challenges 557 

When adding features to a platform, the intent is to make complex tasks more accessible, but this, in 558 

turn, makes learning and using the platform more complex and effectively less accessible. This 559 

paradox of technology (Norman, 2013) must be given substantial consideration in this context, 560 

particularly when exploring opportunities to create and integrate novel interfaces. The 561 

implementation of mixed reality within prototyping must be considered in its approach to ensure 562 

first iterations do not turn people away from adoption into their design practice. Information 563 

provision should also be accounted for, with information overload and complexity affecting cognitive 564 

load (Radkowski et al., 2015).  565 

A designer must decide which domain is the most appropriate representation to test (Ulrich and 566 

Eppinger, 2016), with higher fidelity and mixed domain prototypes likely of higher expense with 567 

respect to both time and cost. To create a mixed reality prototype, a physical and virtual prototype 568 

must already exist in some form, each with an intrinsic realisation cost across hardware or software 569 

and requiring skill, time, and resources to create. The realisation of the mixed reality prototype then 570 

appends to those costs, and designers must be pragmatic when considering when the benefits 571 

overcome the costs associated with implementation. This is shown throughout the literature, with 572 

technology demonstrators requiring significant overhead in their design, development, and 573 

implementation, with few of the demonstrators capable for general public use. In addition to the 574 

fabrication and realisation costs, there are specific challenges related to each dimension of value. 575 

These are reflected towards the end of each subsection of Section 5.1 and include technical 576 

challenges, best practice endeavours and physical limitations to overcome. 577 

4.2.3. Implications 578 

Design is a complex activity and the impact of interventions, including opportunities, need to be 579 

understood across a design process. The dimensions identified demonstrate a broad and robust 580 

value proposition for MR implementation in design prototyping, in which: 581 

 Design researchers can use the dimensions of value to understand where opportunities exist 582 

and which areas are less explored by the design research community. There is also a 583 

comprehensive corpus of relevant literature mapped to the dimensions of value for 584 

reference; 585 

 Computer scientists can understand the design perspective, using the dimensions of value 586 

and the design researcher perspective to inform the direction of the technology and its 587 

interfaces. In addition, the specific opportunities presented in Table 10 provide scope for 588 

exploration in implementation; 589 

 Designers in industry can understand near-future trends and directions for the technology 590 

and how it may influence future practice through existing and potential use cases. 591 

Implications for their own practice can also be considered, looking to where in their own 592 

activities value can be added; 593 

 Tool developers can use the dimensions of value and the mapped use cases to determine 594 

what academics are establishing as the capabilities, limitations, and best practices for 595 

implementation. 596 

 597 

As such, the identified dimensions of value set a strong context and grounding for the effective 598 

implementation of MR in design prototyping and directions for future research and development.  599 

 600 
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4.3. Limitations and Further Work 601 

This work has focused on academic literature, and equivalent effort should be given to industry 602 

progress and reporting. Thus, a substantial opportunity exists to align theory with practice, especially 603 

given significant industrial investment in enabling technologies. Further, to maintain scope, this 604 

paper drew primarily from design and technology focused literature. This will inevitably overlook 605 

valuable work performed in other fields. 606 

Further work is also required to fully understand and communicate the utilisation of MR to support 607 

prototyping. While some activities are feasible and provide value now, many require more research 608 

and development before integration can be considered viable. Current challenges include keeping 609 

up with the development of hardware, a lack of PLM integrated software solutions for design 610 

prototyping. Based on the identified dimensions of value and challenges to implementation 611 

identified within this work, the authors recommended the following streams as focus areas of 612 

academic research:  613 

 Further investigations into use cases that draw on the full potential of mixed reality 614 

prototypes, with the intent of fully elucidating viability, best practice, new workflows, and 615 

the extent of the benefits.  616 

 Exploiting technology push led investigations tying specific prototyping activities to identify 617 

implementation opportunities. As the major domain of technology development, this 618 

approach ensures up-to-date uptake in the design field and maximises potential benefits. 619 

 Validation of proposed benefits in an industrial setting, working with designers in various 620 

scales of projects in a range of sectors. While each benefit has shown value in academia, the 621 

extent to which each may be translated into value in an industrial context is not currently 622 

known. When set against implementation challenges, it is essential to understand when an 623 

MR prototype is suitable. 624 

 Specific studies into the capability of MR for each identified dimension in prototyping, 625 

studying best practice, real-world value, and how each may be maximised. In particular, 626 

Knowledge Management, Integrated Analysis and Collaboration have received less attention 627 

in extant research and present a substantial opportunity. 628 

 Development of quantified procedures for determining when and how to use MR to improve 629 

a prototype most effectively. 630 

5. Conclusions 631 

Engineering and product design continues to strive towards an increasingly integrated virtual and 632 

physical prototype as it presents substantial opportunities for process streamlining, cost reduction, 633 

and product performance improvement. Virtual-Physical integration via mixed reality is a research 634 

area that has seen substantial technology push and attention by computer scientists but less 635 

attention from the design field.  636 

The contribution of this paper is in exploring and identify use cases in which mixed reality has been 637 

directly or indirectly applied to design prototyping, identifying and elucidating MR’s dimensions of 638 

value being realised by design researchers and computer scientists, and identifying the challenges 639 

and areas for further work. This demonstration and framing of value provide a grounding for 640 

industry designers, and software and hardware developers to build upon. 641 

The systematic review and thematic analysis of MR in prototyping covered a total of 108 papers. 642 

Themes were distilled to define five dimensions of value for mixed reality to support prototyping. 643 

These dimensions are enhancing design-related activity via Creation and Configuration, Visualisation, 644 
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Knowledge Management, Integrated Analysis, and Collaboration (see Table 8). The inherent benefits 645 

of each were discussed, identifying demonstrable value in which physical prototypes can be 646 

augmented, leveraging benefits afforded by virtual prototypes in the virtual domain. 647 

Each dimension was considered in the context of design and how the opportunities could be 648 

capitalised on. While value is demonstratable in all identified dimensions, the best practice that can 649 

maximise the value in each requires further work. Further, benefits are contrasted by challenges in 650 

technical complexity and cost posed through implementation. Drawn from the extant state of MR 651 

research across fields, the paper concludes with recommendations for future work. 652 

653 
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Appendix A 654 

The complete corpus of papers mapped to the five dimensions of value. 655 

Dimension of 
Value  

First Pass Technology Push Design Pull 

Creation and 
Configuration 

Aoyama and Kimishima, 
2009; Arrighi and 
Mougenot, 2019; Barbieri 
et al., 2013; Bordegoni, 
Polistina, et al., 2010; 
Bruno et al., 2012; Bruno 
et al., 2011; Fröhlich et al., 
2018; Funk et al., 2014; 
Heun et al., 2013; Huang et 
al., 2012; Jailungka and 
Charoenseang, 2018; Kelly 
et al., 2018; Kim and Nam, 
2015; Lee et al., 2011; Lee 
et al., 2009; Lucas et al., 
2018; Maurya et al., 2018; 
Mora et al., 2016; Park et 
al., 2009; Park and Moon, 
2013; Peng et al., 2018; 
Simon et al., 2012; 
Verlinden et al., 2003  

Arora et al., 2018; Collins 
and Bartoli, 2015; Gai et 
al., 2017; Jeong et al., 
2018; Jones et al., 2016; 
Kim et al., 2016; Klamka 
and Dachselt, 2017; Kwan 
and Fu, 2019; Millette and 
McGuffin, 2016; Millette 
and McGuffin, 2016; 
Nebeling et al., 2018; 
Paulus et al., 2015; 
Reipschläger and Dachselt, 
2019; Son et al., 2020; S. 
Wang et al., 2019; Wu et 
al., 2019; Yue et al., 2017 

Amicis et al., 2019; 
Aoyama and Kimishima, 
2009; Jain and Choi, 
2019; Kokkas and 
Vosniakos, 2019; Manou 
et al., 2019; Maurya et 
al., 2018; Prieto, 2011; 
Rahimian and Ibrahim, 
2011; Shen et al., 2010; 
Takahashi and 
Kawashima, 2010 

Visualisation 

Aromaa and Väänänen, 
2016; Arrighi and 
Mougenot, 2019; 
Bordegoni, Polistina, et al., 
2010; Bruno et al., 2012; 
Bruno et al., 2011; Fröhlich 
et al., 2018; Huang et al., 
2012; Kim and Nam, 2015; 
Lee et al., 2011; Park et al., 
2009; Verlinden et al., 
2003 

Benford et al., 2018; 
Büschel et al., 2017; 
Butscher et al., 2018; Hahn 
et al., 2018; Hettiarachchi 
and Wigdor, 2016; Huo et 
al., 2018; Jones et al., 
2016; Knierim et al., 2018; 
Lilija et al., 2019; 
Lindlbauer et al., 2017; 
Lindlbauer et al., 2016; Lo 
et al., 2018; Miksik et al., 
2015; Mohr et al., 2017; 
Radu and Schneider, 2019; 
Son et al., 2020; Sousa et 
al., 2017; Stemasov et al., 
2020; Subramonyam et al., 
2019; I. Wang et al., 2019; 
Yue et al., 2017; Zhou et 
al., 2016 

Amicis et al., 2019; 
Aoyama and Kimishima, 
2009; Barsom et al., 
2016; Chamaret et al., 
2010; Choi and Mittal, 
2015; Coutts et al., 
2019; De Crescenzio et 
al., 2019; Ferrise et al., 
2011; Forbes et al., 
2018; Jain and Choi, 
2019; Maurya et al., 
2018; Morosi et al., 
2018; O’Hare et al., 
2018; Probst and Ebner, 
2018; Radkowski and 
Linnemann, 2009; Ray 
and Choi, 2017; 
Takahashi and 
Kawashima, 2010; Topal 
and Sener, 2015; 
Gausemeier et al., 2010 
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Knowledge 
Management 

Aromaa and Väänänen, 
2016; He et al., 2019; Lee 
et al., 2011; Lucas et al., 
2018; Faust et al., 2018 

Butscher et al., 2018; 
Büttner et al., 2020; 
Fakourfar et al., 2016; Huo 
et al., 2018; Klamka and 
Dachselt, 2017; Li et al., 
2019; Lilija et al., 2019; 
Miksik et al., 2015; Mohr 
et al., 2015; Moteki et al., 
2018; Reipschläger and 
Dachselt, 2019; Shi et al., 
2017; Stemasov et al., 
2020; Subramonyam et al., 
2019 

Choi and Mittal, 2015; 
De Amicis et al., 2018; 
Ng et al., 2011; 
Takahashi and 
Kawashima, 2010; 
Tzimas et al., 2019 

Integrated 
Analysis 

Huang et al., 2012; Ibanez 
et al., 2015; Lee et al., 
2011; Lin et al., 2019; 
Lucas et al., 2018; Ong and 
Huang, 2017; Park et al., 
2009 

Beheshti et al., 2017; 
Jeong et al., 2018; Knierim 
et al., 2018; Moteki et al., 
2018; Radu and Schneider, 
2019; Wu et al., 2019 

Barsom et al., 2016; 
Bordegoni, Ferrise, et 
al., 2010; Chamaret et 
al., 2010; Ferrise et al., 
2011; Gausemeier et al., 
2010; Manou et al., 
2019, p.; Radkowski and 
Linnemann, 2009 

Collaboration 

Arrighi and Mougenot, 
2019; He et al., 2019; 
Jailungka and 
Charoenseang, 2018; Lee 
et al., 2011; Lee et al., 
2009; Peng et al., 2018; 
Zhang and Kwok, 2018 

Bhattacharyya et al., 2019; 
Grønbæk et al., 2017; Roo 
and Hachet, 2017; Son et 
al., 2020; Wells and 
Houben, 2020; Yang et al., 
2015; Zillner et al., 2018 

Chamaret et al., 2010; 
Giunta et al., 2019; 
Morosi et al., 2018; 
O’Hare et al., 2018; 
Shen et al., 2010 

656 
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