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ABSTRACT

Virtual reality (VR) has been widely used in engineering design in different ways. It has the potential to
enhance some design aspects, such as visualization and interaction, but might be incapable of solving
the others. There are no consensus or general guidelines on how VR can facilitate design processes. This
paper aims to understand how VR is currently used in engineering design at an early stage, so that
researchers and practitioners can better know when and how to use VR for efficient design activities.
Specifically, this paper reviews the research questions and applications addressed by using VR
technology. The study helps identify the design questions currently studied, and gaps to be filled in order
to use VR effectively for optimal design outcomes. This review also provides guidelines about when
and how to use VR in design research and practices.
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1 INTRODUCTION

Virtual reality (VR) — defined as “a computer-generated digital environment that can be experienced
and interacted with as if it were real” — was invented in the last century, with Sutherland’s head-
mounted three-dimensional display (Jerald, 2016; Sutherland, 1968), and evolved with the
advancements in computing technology and 3D software in the 1990s, providing a more interactive
and immersive visualization of the simple Computer-Aided Design (CAD) models (Berta, 1999). After
2010, with the full maturity of VR technology due to the reduced cost and improved hardware
usability, VR is not only used in the most predictable areas, such as gaming, but it also extensively
spread to the medical, military (Liu et al., 2018), sport (Han et al., 2019), educational (Lau and Lee,
2015), and astronomical (West et al., 2018) fields, among others.

VR systems utilize devices that enable immersion to different degrees. These systems can be classified
as head-mounted displays (HMD), the Cave Automatic Virtual Environment (CAVE) system or
similar devices, and Desktop VR with stereo glasses for 3D visualization, based on Rebelo’s
taxonomy (Rebelo et al. 2011). Many VR systems also integrate supporting tools to allow users to
interact with and modify the artifact in the Virtual Environment (VE) (Berni and Borgianni, 2020).
These tools simulate senses and enhance interactivity with users, including hand controllers and
gloves, sound inputs/outputs, and haptic feedback. In addition, biometric instruments (e.g., eye
tracking, galvanic skin response) are increasingly used in design research to monitor unintended and
inadvertent human reactions and behavior, providing more insightful data (Borgianni and MacCioni,
2020).

VR received increasing attention from researchers and practitioners in the engineering design
community for its applications in many fields, such as product design, training, maintenance,
assembly. Particularly, researchers saw the chance for VR’s support in the initial design phases
besides those that are “more naturally” juxtaposed to VR, namely, 3D modeling, virtual prototyping,
and product evaluation (Ottosson, 2002). The early stages of engineering design, including ideation,
evaluation, and prototyping, are crucial for successful product development (Berni and Borgianni,
2020). The early-stage design, which often involves non-geometric, qualitative information and
multiple stakeholders, lacks effective visual representations and tools to enable designers to think
creatively and work collaboratively (Dieter and Schmidt, 2008). Therefore, versatile VR applications
have a great potential to facilitate designers to detect problems early, reduce design effort, and
improve product quality. For example, VR systems can enhance product evaluation with VR interfaces
related to human interaction with virtual prototypes (Soares Falcdo and Marcio Soares, 2013; Stark et
al., 2010). Despite its benefits, VR applications in early-stage design lack a systematic review,
particularly regarding which design questions VR can effectively address. This paper aims to identify
the research questions that relate to VR applications in early-stage design. Through this work, we help
understand how VR is currently used in product design and how VR can effectively be used for
optimal design outcomes.

2 METHODS

We conducted a systematic review of related studies following the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) process (Bargelis et al., 2013). Starting with
identification, we set the scope of the research, selected databases and search strings. We are interested
in the usage of virtual reality in early-stage engineering design, especially physical product design.
Therefore, we used the keywords “virtual reality” or “VR” combined with “product design” or
“product development.” The search was conducted on Web of Science and Google Scholar. Only
including the articles in English within ten years (2012-2022) yielded 2281 items. Next, articles were
screened by title to remove duplicates and non-relevant items. Moreover, nine additional articles were
identified by scanning the references. In total, 547 papers remained after the initial screening. All
identified papers were screened on abstracts to only include papers that focus on early-stage design
and are engineering-related. After the screening, we considered 149 relevant papers for full text
review. 100 papers were excluded for the following reasons: no full text and DOI numbers; focusing
on the VR technology design or software; and using VR for training or strategy evaluation. Finally, we
included 49 papers in the review, including some papers that do not explicitly distinguish VR with
Augmented Reality (AR) and Mixed Reality (MR). The selection process is shown in Figure 1.
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The papers reviewed are grouped to focus on early-stage design processes, including concept
generation, design evaluation, prototyping (Ulrich et al. 2020; Berni and Borgianni, 2020), and study
platform validation. Within each process, papers were further categorized based on their motivations
and topics, such as creativity, co-design, etc., as summarized and cross-validated by the two authors.

Identification

E Records identified through database searching (2281) j E Additional records identified through other sources (9) j
Screenin, “
Records after title screening (538)

[ Records screened with abstract (547)
= TT

Eligibility Y2
Full-text articles assessed for eligibility (149) j:{ Full-text articles excluded with criteria (100) :| ‘

Included

Records excluded with abstract screen (398) j

Records included in the review (49) j

Figure 1. Paper selection process

3 FINDINGS

3.1 Concept generation

In concept generation (Table 1), VR is mainly used for creativity and co-design / participatory design.
In addition, some researchers develop VR-based tools or compare tools in concept design.

Table 1. Summary of literature on concept generation

Research Questions Key Takeaway
Creativity - VR creates an immersive and closed space, and is
- In VR, are there any relationships helpful in studying ideation activities.
between an individual’s creativity, flow - Increased flow has positive effects on creativity.
state, brainwave, and the quality of his or - Current creativity studies with VR technology are
her design outcome? (Yang et al., 2019) mostly focusing on people with less design
- What are the effects of VR on an experience and its effect on experts are less clear.
individual’s design process and outcomes? - The effectiveness of VR is mostly drawn from
(Chang et al., 2020; Chen et al., 2022) quantitative analysis of controlled studies that involve
- What are the interventions in VR that simple design problems within a limited time period.
affect an individual’s creative - The novelty effect of VR on design cannot be ruled
performance? (Yang et al., 2019) out.
Co-design - Most co-design studies use industry case studies to
- What are the values of VR technology for draw conclusions about the usefulness of VR.
collaborative design? (Arrighi and - VR is useful in design review and customer-
Mougenot, 2019; Koutsabasis et al., 2012; centered evaluation of conceptual design due to
Masclet et al., 2021) increased communication, level of immersion and
- How does VR effectively support early- control without high dependency on technical
stage design in user interface and expertise,

interaction design? (Thalen and van der - The visual details, rendering quality, and simulated
Voort, 2013) physical behaviors are limited.

Tools - A platform that allows users to be immersive and
- How does VR support end-user effective directly perform design tasks and modify a virtual
interactions? (Arrighi and Mougenot, 2019; prototype helps them to be more engaged in the
Maurya et al., 2019) design tasks, and produce more creative outcomes.
- How does immersive technology support - Immersive technology can enhance the design
protocol analysis? (Masclet et al., 2020) activity, and capture design process data for research
- What are the influences of representations purposes.
in different modalities on design activities? - Different representations have their unique
(Filippi and Barattin, 2019) advantages in design activities.
- Is there any benchmarking method for - Structured benchmarking method is possible, but
tool selection? (Germani et al., 2012) relies on expert judgements.
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Creativity. Studies about creativity in concept generation with VR were conducted with a variety of
participants, including general public (Yang et al., 2019), college students (Yang et al., 2018), and K-
12 students (Chang et al., 2020; Thalen and van der VVoort, 2013). The conclusions were mostly drawn
from quantitative analysis. Yang et al. (2019) studied the relationships between a person’s behaviors
and the brainwave state in creative activities by using VR as an immersive platform to reduce
distractions and using brainwave equipment to measure attention and meditation value. Yang et al.
(2018) explored the effects of immersive VR on an individual’s creative performance and factors
related to creativity, including flow, attention, and mental relaxation. Both studies showed that the
participants in the immersive VR condition entered the flow state more easily and had higher-quality
creative solutions than those in the paper-and-pencil condition.

More studies were conducted on K-12 students. Yang et al. (2019) studied the effect of different EEG
feedback on creative design activities in a VR environment with high school students. Chang et al.
(2020) found that VR significantly affects design processes, design outcomes, and experiential
learning processes. The VR group exhibited active behaviors in reflective observation, higher
frequencies of concrete experience, and active experimentation behaviors. The behavior transition
patterns between VR and non-VR groups are different. Chen et al. (2022) investigated the influence of
VR on middle school learners’ design creativity and cognitive load. The study found VR significantly
improved learning concepts, acquiring knowledge and creative motivation, but did not influence
creative thinking ability. In addition, VR significantly improved the usefulness of ideas generated.
Co-design. The studies about co-design with VR mostly use industry case studies. Masclet et al.
(2021) studied if AR and VR systems facilitate the co-design process. The protocol analysis suggested
that the technology introduction did not impair the design activity, in terms of similar patterns in the
cognitive activities and time commitment during the co-design. Moreover Koutsabasis et al. (2012)
showed that the virtual environment could support collaborative design in various stages and activities,
especially in the design review and customer-centered evaluation of the conceptual design. It provided
a satisfactory collaboration environment with increased communication and situational awareness
when the emphasis of design was on form and structure, rather than complex functions or processes.
Arrighi and Mougenot (2019) created a mixed reality computer-aided design system that enables
potential users to visualize a prototype in three dimensions and manipulate, and change it in a natural
way through tangible user interfaces. Thalen and van der Voort (2013) studied if VR and AR can
improve the design of user interfaces and interactions in the early stages. They found that reviewing
and acting out workflows is a valuable addition to existing methods as it triggers participants to
express knowledge and feedback that might otherwise be left out.

Developing and comparing VR-based tools to support concept design. Maurya et al. (2019) found
that when users are provided with a tool that allows them to directly perform design tasks and modify
a virtual prototype, as compared to when they have no control, they are more engaged in the design
tasks, more satisfied with the design process and they produce more creative outcomes. Arrighi and
Mougenot (2019) proposed a new modular digital tool to allow users to actively participate in the
design process through a high-level of both immersion and control. The tool is based on MR with a
case application in interior design as an example. Masclet et al. (2020) developed an AR-based
method to support real-time coding for co-design protocol analysis. Analysis of the usability of the
tool, coding accuracy, and time required to complete coding showed that the tool helped generate
reliable datasets that are comparable to those obtained with a post-session coding method. VR brings
new opportunities for designs, and also confuses designers and researchers regarding tool selection. A
few studies examined the effect of different tools in design activities. Filippi and Barattin (2019)
evaluated the influence of representations of shapes in VR, AR, and pure reality (PR) on interactive
shape-based design activities. They suggested that if the design focuses more on novelty, then use VR;
if more focus on usefulness, then use PR. To support tool selection (collaborative product design
tool/platform) and impact evaluation of using the tool on synchronous and remote design
collaboration, Germani et al. (2012) proposed and validated the usefulness of a structured
benchmarking method based on expert judgements and defined a set of benchmarking weights.

3.2 Design evaluation

VR is widely used for design evaluation. The existing work (Table 2) mainly focuses on
developing tools that enable evaluation in a virtual environment and comparing such tools with
the existing ones as well as addressing specific evaluation criteria, including usability, creativity,
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aesthetics, and affect. The rest of them focus on creating a co-design framework, developing a
preference model, streamlining the design review process, examining the influence of
representation, and evaluating a specific design objective (e.g., ergonomics), while each paper can

discuss more than one theme.

Table 2. Summary of literature on design evaluation

Research Questions

Key Takeaway

Tool Development

How can design engineers timely and
effectively design and get feedback in
the virtual environment? (Arbeléez-
Estrada and Osorio-Gémez, 2013; Bruno
etal., 2013)

Can paper models provide sensory
feedback in VR? (Park et al., 2013)

- VR enables timely control and interactive feedback on
digital prototypes.

- VR can reduce development time for product design
and analysis and overcome location limitations.

- No universal solution or process exists.

- Supporting tools such as paper models could be an
accurate substitute for sensory feedbacks and enhance
user experience in VR.

Metrics Development

What are the relevant metrics that can be
implemented in a virtual environment for
product evaluation? (Di Gironimo et al.,
2013; Valencia-Romero and Lugo, 2017;
Naderi et al., 2020)

- The psycho-physiological parameters are suitable
state-of-the-art solutions for capturing relevant customer
emotional feedback in a VE.

- The design environment needs to be congruent with
design cues to elicit positive emotional and aesthetic
responses.

Co-design

How do we perform an evaluation during
collaborative concept design?
(Koutsabasis et al., 2012; Sivanathan et
al.,, 2017)

- VR supports collaborative design for specific areas,
such as interior design but requires more tools for
designing functions and complex forms.

- VR can enhance knowledge capture of teams with a
multi-user collaborative interface.

Design for X

How to leverage VR to evaluate
assembly and ergonomics factors in early
design? (Arroyave-Tobon and Osorio-
Gobmez, 2017; Azizi et al., 2019; Ng et
al., 2013)

Can VR help in maintenance simulation?
(Guo et al., 2020)

- VR provides a platform to develop new methods that
allow consideration of assembly and ergonomics issues
in generating design components in early stages.

- VR better helps designers take into account the spatial
restrictions and determine the required improvements.

- VR-based methods can be useful in helping predict
design flaws and facilitate design decisions

about maintenance considerations in the early

design stage.

Tool development. As VR technology evolves rapidly, many design researchers tried to integrate
such technology into design evaluation. The first and foremost challenge was to enable users to view,
interact with, and evaluate designs in a virtual environment. Accordingly, researchers developed
various tools, including software tools, virtual interfaces, and evaluation metrics, to enable virtual
evaluation for individuals or among groups. Bruno et al. (2013) adopted a setup with an HMD and
developed a software library to connect human-machine interface (HMI) behavior and interactive
virtual environment (VE), which reduces the time needed to develop the digital prototype for product
design and analysis. Besides software development, a mobile-based VR system was developed for
connecting targeted users across locations and getting feedback of product aesthetics, as a lightweight
solution (Arbelaez-Estrada and Osorio-Gomez, 2013). In addition, new hardware is sometimes needed
as supporting tools. Park, Park and Jung (2013) showed that low-cost paper models could provide
tangible pseudo feelings of manipulating products with human hands and could be an accurate
substitute.

Metrics development. To support design evaluation in a virtual environment, researchers investigated
the relevant metrics. Valencia-Romero and Lugo (2017) investigated the quantifications of symmetry,
parallelism, and continuity for 3D representations using a VR-based discrete choice experiment and

ICED23 2119

https://doi.org/10.1017/pds.2023.212 Published online by Cambridge University Press


https://doi.org/10.1017/pds.2023.212

demonstrated VR as an effective tool to integrate aesthetics as a quantifiable property. Given the
immersive environment brought by VR, researchers were also interested in understanding the
combined effects of environment congruence and product design on consumers’ aesthetic, affective
and behavioral responses. A study suggests that a product’s environment must be aligned with the
design elements embedded in the product to evoke a relatable experience (Naderi et al., 2020). VR
devices also serve as an additional instrument for researchers to measure user reactions and
perception. Researchers explored various physiological measurements, including electromyography of
the muscle activities (on the face), blood volume pulse, and electrodermal activity (on fingers),
combined with the close-ended questions about the emotional effect of a car configuration design task
in the CAVE automatic virtual environment. Given the extended capability of collecting experimental
data in VR, Di Gironimo et al. (2013) proposes a usability assessment index to compare different
product design alternatives during the definition phase in the participatory design session.

Co-design framework. Another benefit of implementing VR is to enable collaborative and distributed
evaluation. A review system called the Virtual Aided Design Engineering Review (VADER) provides
concurrent access by multiple distributed users during product design discussions using a virtual
reality-based 3D model view display and substantially enhances their engineering task knowledge
capture, rapid retrieval, and reuse capability (Sivanathan et al., 2017). Besides engineering design, VR
can support collaborative conceptual design effectively in architectural design, interior design, and
user interface design (Koutsabasis et al., 2012), with an emphasis on form and structure, rather than on
sophisticated functions or processes.

Design for X (DFX). DFX shifts specific product objectives, such as easy manufacturing, optimized
assembly, and low environmental impact, into the design stage, before the product is manufactured. A
few papers specifically focus on certain objectives with the support of VR technologies, for example,
design for ergonomics and design for maintenance.Ergonomics are typically considered in the detailed
embodiment design stage, where the information of the parts and their interactions are clearly defined.
VR technology provides opportunities to shift these considerations earlier in the conceptual design
stage for efficient design iterations with lower cost. Ng et al. (2013) developed a methodology that
integrates design and assembly planning in an AR environment so that users are allowed to consider
assembly when generating the design components in the early stage. Azizi, Ghafoorpoor Yazdi and
Hashemipour (2019) proposed an integrated approach to address ergonomic problems of designing
and evaluating a production line with VR-based methods. Similarly, Arroyave-Tobén and Osorio-
Gbémez (2017) integrated an AR-based modeling tool with an Ergonomic Assessment Module to
continuously evaluate the user's postures, movements, and forces related to the created parts. The tool
helped designers to identify potential posture risks during assembly and usage, and determine the
required improvements to minimize occupational risks in future interactions with the products. Guo et
al. (2020) proposed a VR-based method of conducting immersive maintenance simulation to help
designers evaluate maintainability and make decisions. Through fuzzy comprehensive evaluation
(FCE), the proposed method was shown to have better abilities, in terms of visibility, reachability, etc.
and facilitate design decisions about maintenance considerations in the early design stage.

3.3 Prototyping

Prototyping helps represent abstract design concepts in front of users and thus enables engineers to
observe and analyze user reactions when interacting with them, and in turn, further improve the
design. Prototypes vary in terms of fidelity levels, ranging from low, such as paper drawing, digital
sketching, to high such as CAD models, VR-supported (VR/AR) mixed or virtual prototypes, real
physical prototypes. Figure 2 summarizes the takeaway from the literature about prototyping with VR.
Ferrise et al. (2017) discussed the three types of prototypes based on the case studies the research team
collaborated on with consumer goods industries. It is suggested that physical prototypes are more
appropriate at the later stage (e.g., field tests) of the design, considering its drawbacks in cost, time
required, and limited modifiability. VR-based virtual prototypes are modifiable (e.g., can be controlled
and parameterized) and can be roughly explored at the very beginning of the design process. Yet, they
are subject to software and hardware limitations, and limited knowledge of the human
sensory/perceptual systems. The mixed prototypes, a coherent combination of real and virtual
information, can help overcome limitations with the advantage that there is no need to reproduce
virtually something that is already available.
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*Have more flexibility, e.g., configure variants with less cost, less
based on VR support restricted to physical resources

¥ the capturing of the *Can be implemented in the early design stage to support user
customer needs? |  datacollection

*Incorporate user feedback faster.

*Allow multi-modality assessment at the same time or separately.

*Limitation: require expertise in certain programming and

hardware connections, require multi-modality interaction to

resemble high-fidelity experiences like a real physical porotype.

Can virtual prototyping

Product/Prototype User |  Key take-away about virtual prototypes with VR

Mixed Real

Virtual Real
What are the differences in

Virtual Virtual (DHM) pro-active ergonomics
design evaluation when
using different prototypes?

Figure 2. Summary of key takeaway about prototyping with VR

Ahmed et al. (2019) compared computational prototyping and mixed prototyping in proactive
ergonomic design. Computational prototyping integrates CAD models of workplaces or products with
Digital Human Modeling (DHM) to capture human postures in response to the product or workplace.
Mixed prototyping builds on the computational prototyping and uses actual users to conduct product
evaluations and reconfigurations in an immersive environment. Ahmed et al. (2019) evaluated the
ergonomics of designs of a cockpit of Boeing 767 in non-emergent and emergent (i.e., during a fire)
scenarios. They found that the two prototype methods produce similar results in terms of an ergonomic
assessment. The mixed prototype is suitable for communicating design ideas and capturing the change
in human performance due to subjectivity (e.g., sense of emergency, vision hindered by the fire) with
the limitation that it cannot measure quantitative human performance in real-time. Carulli et al. (2013)
presented VR-based prototyping to support the capturing of the voice of customers in regard to the
visual, haptic, and auditory characteristics of products. A case study of a washing machine design
showed that it is feasible to use a VR-based virtual prototype of the product for experimenting,
evaluating, and determining user interaction behaviors, and thus collecting customer needs. In
addition, the collected data about the customer needs of engineering requirements can be integrated
within the virtual prototype easily.

VR enhances flexibility in prototyping in early-stage design. When compared with other prototyping
methods, the VR-based approach reduces costs and time associated with prototyping activities,
compared to manufacturing physical artefacts. The VR prototypes can be modified for its family
products rather than starting over, and can be developed in low fidelity when the product idea is still
rough. The virtual prototypes are less restricted to available materials, manufacturing technologies,
and access to manufacturing facilities, which is especially useful for brand new product development.
On the other hand, the multi-modality possibility in the early stage supports the assessment of some
product features or behaviours that are less assessed in the early phases of product development, such
as the haptic and auditory components. It also allows specific verification of certain aspects while
having others remain the same, which might be hard to separate with real prototypes. Although the VR
prototype has many benefits, its limitations cannot be ignored. Multi-modality experiences (e.g.,
haptic feedback) are needed to resemble high-fidelity experiences like a real physical prototype. The
successful implementation of the VR prototypes also requires expertise in programming and hardware
connections.

3.4 Study platform validation

While VR brings unique benefits such as flexibility and accessibility, researchers tend to conduct
various design activities in the VE (Table 3). However, a ground truth needs to be set up
regarding if human users behave similarly in a virtual space compared to the physical
environment.

Ferrise et al. (2017) introduced and validated a tactile feedback mechanism with crude prototypes to
capture ergonomics attributes for the virtual product development cycle. Kato (2019) compared the
perception difference between actual space, photographed VR space, computer-generated VR, and
paper, and showed no significant difference in perception regarding the perceived purchase
intention, and style attribute between reality and the VR space. Computer-generated VR, which can
define size with data, does not differ from photographed VR. Moreover, evaluation on paper is
tested to have no significant difference from the actual car, which realizes overwhelming time and
cost savings.

ICED23 2121

https://doi.org/10.1017/pds.2023.212 Published online by Cambridge University Press


https://doi.org/10.1017/pds.2023.212

Table 3. Key takeaway about tool evaluation

Research Questions Key takeaway
- Can a tactile feedback mechanism simulate outcomes of VR can provide an equivalent
physical experiment outcomes? (Demirel and Duffy, 2017) or superior experience of
-What are the differences in designers’ spatial perception in VR perceiving and evaluating
and non-VR environments? (Kato, 2019; Lukacevic¢ et al., 2020) designs.

In addition to testing the prototype that mimics a physical set-up, Lukacevic¢ et al. (2020) examined the
differences in designers’ spatial perception of spatial properties and relations of a design solution in
immersive virtual environments (IVE) and non-immersive virtual environment (nIVE). The study
shows that engineering students more accurately perceive spatial properties in the IVE than nIVE, but
make judgment of spatial relations similarly in both VEs. In summary, VR can provide an equivalent
or superior experience of perceiving and evaluating designs.

4 CONCLUSION

This paper reviews and discusses the existing work that utilizes VR in early-stage design, regarding
concept generation, design evaluation, and prototyping. By consolidating the findings across the
studies, it is agreed that VR is very useful in early-stage design. It provides an immersive environment
to engage designers, a controllable and interactive prototyping and evaluation tool, and an effective
communication channel between designers and users, and among distributed design teams. However,
most researchers focus on enabling design activities in VR and examining its validity, rather than
extending design space. During design activities, most researchers invent their own study protocols
and systems. The lack of commonly accepted processes and platforms can impose barriers for more
designers to implement VR for design. Due to the nature of VR technology, most studies rely on
visual perceptions, with some supporting tools for sensory feedback. This can potentially limit the
scope of VR applications in design. The authors hope this literature review can help better understand
advantages and limitations of VR usage in the design process, and thus support future research
investigation to propose a generic, high-level, overarching framework for VVR-enabled design.
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