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Abstract. This paper presents a systematic literature review to identify
the challenges and best practices of distributed VR co-design systems,
in order to guide the design of such systems. It was found that VR, due
to its intuitive format is useful at co-design review meetings since it al-
lows everyone, not just experts, to provide their inputs, thus resulting
in additional practical insights from project stakeholders. It also allows
the identification of design deficiencies that were not observable using
traditional methods and that were overlooked by the traditional panel
of expert reviewers. Our review also indicates that VR should comple-
ment, not replace, traditional 2D CAD drawings. Our review, however,
shows there is little conclusive evidence about the features and functions
that should be included in the design of such systems and that more
quantitative studies are needed to support the findings from qualitative
studies.

Keywords: Co-design · Codesign · VR · Virtual reality · Collaborative
design review

1 Introduction

Because of progress in the availability and performance of information and com-
munication technologies combined with economic and safety reasons (including
the current pandemic context), work is increasingly distributed across space and
time. As such, more and more virtual teams are assembled remotely by audio
or videoconferencing to design and assess objects or scenes. Distributed systems
reduce costs and increase productivity compared to the traditional way where
experts typically travel physically to be co-located to accomplish these tasks
[5]. In parallel, the potential of distributed virtual reality (VR) systems is still
mostly untapped for collaborative design (aka co-design) tasks.

This paper consists of a literature review identifying the challenges and best
practices of distributed VR co-design systems, and highlighting particular as-
pects of distributed co-design systems. These VR systems are about systems
that allow the real-time interactive use of virtual and graphical 3D models.
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One aspect of co-design that is the focus of many articles is the design review.
A design review is an activity undertaken by a group of people to examine
a design and its relationship to various requirements and constraints, and to
make suggestions about how the design can be improved, if needed [1, 32, 26].
Design reviews are typically used in industries involving the design of physical
objects [1], such as the automotive sector [29], but they can also be used in
the development of non-physical entities, such as software [32]. Of course, VR is
mainly relevant to design reviews of physical product design.

Two major objectives of design reviews are cost reduction [29] and quality
control [1]. If a design is pushed into development and later found to be in-
adequate, much of the post-design work must be redone, thus increasing costs
and delays. Non-technical stakeholders, such as managers or end-users, some-
times participate in design reviews in various domains [11, 23]. The presence of
non-technical participants is an important issue for VR. Non-technical partici-
pants are more likely to benefit from a VR-enabled review since they will have
trouble imagining what blueprint-based designs will look like in 3D. Of course,
physical mock-ups can be used instead of VR, but mock-ups can take longer to
make [29], and may not necessarily meet review objectives as well as VR (as
discussed below). With non-technical reviewers, VR can also support important
communication and persuasion functions [23].

2 Background

This section reviews some categories of distributed systems in use today. This
will provide a baseline for comparison.

2.1 Traditional Distributed (Audio/Video Conferencing) Co-Design
Systems

With these systems, users minimally need an audio channel for conversation,
a shared visual space, and ideally the possibility to use gestures for additional
communication [14]. They do that by using audio and/or video conferencing
systems.

Audio conferencing systems support communication through an audio chan-
nel. Any visual material has to be shared before the meeting and meeting over-
head is expended coordinating the references to the visual material. Video confer-
encing adds a video channel, which typically allows visual material to be shared.
Some systems even accommodate communication via gestures [14].

2.2 Distributed Desktop VR Co-Design systems

These non-immersive systems use 3D renderings of objects or scenes but display
them on flat 2D screens. They are often referred to as desktop VR systems
[25]. Distributed desktop VR systems can be used as multi-channel systems by
combining audio/video conferencing systems. However, the users cannot see the
collaborator’s gestures or expressions with respect to the 3D rendered objects.
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2.3 Distributed Immersive VR Co-Design Systems

The use of immersive display technologies and in particular Head-Mounted Dis-
plays (HMDs) and associated hand controllers allow new possibilities that have
the potential to further improve the productivity of distributed co-design sys-
tems. This is because the use of virtual 3D models has proven to be effective
[24].

To provide natural means of communication the use of audio/visual/gestural
communication channels are needed [14] although the gestural channel can quickly
become overloaded if, for example, hand controllers are used to both interact
with the virtual environment and communicate via gesture.

Several attempts have been made to develop distributed immersive co-design
systems, some using HMDs [5], others with projection-based environments such
as the Cave Automatic Virtual Environment (CAVE) [6, 18] for display.

A virtual environment supports rich communication channels and helps over-
come the limitation of the traditional distributed co-design environment. In sec-
tion 4, we report the recommendations made in papers studying distributed
collaborative VR for design reviews. However, before we present the recommen-
dations, we discuss our methodology.

3 Literature Review Method

We conducted a systematic literature review based on methods developed by
Guyatt and his colleagues for the medical domain [19, 20] and Torres-Carrion et
al. [35] for engineering and education.

Since our objective is to provide design guidelines to develop a distributed
VR co-design system, we aimed to identify user interface (UI) features for such
systems that enjoy empirical support. We would then include those features in
our system. Our systematic review research question is therefore:

Q: What is the empirical support for various UI features of VR co-design
review systems?

Answering this question required us to both find those UI features, and to
evaluate the empirical evidence supporting them. Below we discuss the method
for finding the features as well as the method for evaluating their empirical
support. A summary of the steps sequence is presented in Fig. 1.

3.1 Searches

Databases We searched two databases, each with broad coverage: Scopus and
Google Scholar.
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Step 1 Select databases to search

Step 2  Develop search strings focussed on 
VR in design review

Step 3  Search databases n=141

Step 4 Remove duplicates n=97

Step 5 Remove unpublished or non-english 
manuscripts or not peer reviewed n=79

Step 6 Apply inclusion criteria n=29

Step 7 Evaluate empirical support of 
recommendations

Fig. 1. Summary of the systematic review selection process.

Search Strings We employed several different search strings to retrieve only
relevant articles. The search strings are listed below.

• (S1) (virtual AND reality AND ”design review”) all in title.
• (S2) “Immersive co-design” OR “Immersive codesign”.
• (S3) “physical task collaborative environment”.
• (S4) (VR AND ”design review”) all in title.
• (S5) [(VR OR “virtual reality”) AND ( ”codesign” OR “co-design”)] all in

title.
• (S6) [(VR OR “virtual reality”) AND (“remote collaboration”) AND design]

all in title.
• (S7) (Immersive AND ”design review”) all in title
• (S8) (Immersive AND “remote collaboration” AND design) all in title.

The search results were current as of January 6, 2021.

Inclusion and Exclusion Criteria From our search results, we excluded doc-
uments that were:

• Citations or patents (from Google Scholar);
• Unpublished manuscripts, including theses and dissertations;
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• Documents in languages other than English;
• Articles in magazines (as opposed to journals), and articles that were not

peer reviewed;
• Conference workshops.

We further reduced the number of articles by requiring that the articles and
systems meet the following inclusion criteria:

• The article must include one or more empirical evaluations of user interface
functionality;

• The system must support multi-user collaborative design or design review;
• The system must involve virtual reality.

We did not explicitly search for, nor excluded articles describing Augmented
Reality (AR) systems, which allow users to see real as well as virtual objects.

Each author of this article reviewed several articles to determine whether
each met the inclusion/exclusion criteria. None of these judgments were verified
by the other authors.

Evaluation To generate evidence-based recommendations for UI features, we
evaluated findings on the basis of the criteria listed in Table 1.

Table 1. UI Feature Assessment Criteria

Evidence Type Impact Methodological Issues

RCT with quantitative per-
formance data

Statistically significant per-
formance increase

No obvious issues

Usability test Quantitative data showing
a performance increase (but
no statistical test)

Minor issues

Iterative design Preferred by users Serious issues

Summative user preference
questionnaire
RCT = Randomized Controlled Trial. Row items are sorted from best to worst. Note
that a single article can have any combination of the values across columns, and
could present several types of evidence, each with its own impact and methodological
issues. For example, one article could report a user preference questionnaire (col. 1,
row 4), showing the system is preferred by users (col. 2, row 3), and with no obvious
methodological issues (col. 3, row 1).

Combining the assessment criteria from table 1 provides the strength of ev-
idence. A Strong evidence required a properly conducted randomized control
experiment with a statistically significant increase in effectiveness. Moderate
evidence required an iterative design process, a usability test, or a controlled
experiment that was not statistically significant. Flawed controlled experiments
with significant results could also be considered to provide moderate evidence.
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A Weak evidence was provided by summative user preference questionnaires.
Interview and other qualitative studies provided a very weak evidence. This is
not to say that such studies are not valuable, as they provide rich data, but they
do not provide conclusive evidence.

4 Results

Our initial search and exclusion screening left 79 articles. Applying the inclusion
criteria reduced that set to 29. Table 2 shows the UI features described in the
articles, their associated empirical support, and various recommendations found
in the papers.

Table 2: Recommendations Found in the Papers

Strength of
Recommendation Evidence

Immersion is an important factor in creating a sense of presence
during design evaluation, but does not seem to provide better
design comprehension [3].

Weak

Immersive VR (CAVE) supports design review better than us-
ing traditional stand-up briefing PowerPoint slides but cost
constraints may hinder the ability to use CAVE as a tool [2].

Weak

VR improves the user’s ability to understand Computer-Aided
Design (CAD) geometry [13]. The paper suggests that the abil-
ity to hide components, use exploded views, and parametrically
update a model in real time provide better user performance
than simply being able to pan, rotate, and scale a model.

Strong

HMD-based VR boosts users’ confidence and rapidity in design
understanding. It also helps users to better understand the
consequences of a proposed design change [12].

Strong

Dynamic viewpoint interactions with 3D models on a flat
screen are more effective than static viewpoints of the same
3D models for design reviews due to the greater amount of
visual and spatial information available to the user [4].

Strong

The use of HMDs is recommended over CAVEs, domes, or
theatres for co-design review [17, 12].

Very weak

Analyzing the effect of visualization technologies during design
reviews should include variables related to design reviewers’
expertise and focus on the process variables rather than the
outcomes [22].

Moderate

Desktop VR is superior to immersive VR for design review of
mechanical subassemblies [27]. Note that the main author of
[27] is also co-author of [22] so the expertise of design reviewers
should be taken into account.

Strong
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Table 2 – continued from the previous page
Strength of

Recommendation Evidence
This article contains visual illustrations of various collaborative
car or architectural design reviews featuring tablets, HMDs,
and large displays scenarios [33]. Authors are optimistic that
mobile mixed reality applications will find their way into real
life applications soon.

Very weak

Provides ranking of functions in high demand by design review-
ers such as selection of components, individual pointer, and set
up of a model view [34].

Very weak

A virtual mock-up model (CAVE) helps reviewers quickly reach
consensus on some design decisions. Compared to a physical
mock-up model, it offers a better medium of communication for
participants from a diverse set of organizations and disciplines
[28].

Moderate

VR demonstrated two incremental benefits over traditional de-
sign reviews, specifically identification of design deficiencies
that: - Were not observable using traditional design review
methods; - Were overlooked by the traditional panel of expert
reviewers. The intuitive format of VR is also accessible to the
various stakeholders of a project thus resulting in additional
practical insights from people who would otherwise have been
excluded from the design review process [15].

Moderate

An HMD-based VR system increased the accuracy of the users’
understanding of elements and aspects of the virtual environ-
ment. Although the immersive simulation itself seems to lever-
age the overall spatial perception of users as opposed to tra-
ditional media, the immersive VR system as a whole is still
incapable of providing a certain level of detail, and interac-
tivity and collaborative features that would allow for a truly
effective design review [31].

Moderate

The session protocol proposed in this study represents a com-
prehensive basis and reference framework for quantitative re-
search aiming at measuring the added value of VR systems, in
terms of communication and analysis capability, in each phase
of a digitally enabled usability-focused design review meet-
ing. The VR system was a semi-immersive VR environment
featuring a stereoscopic projector and a single portable rear-
projected wall with a user-tracking system, while a 3D mouse,
a fly-stick and a keyboard were used as VR controllers [37].

Very weak

In the Architecture, Engineering, Construction and Facility
Management industry, VR for design review is intended pri-
marily to support analysis and communication. [36].

Very weak
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Table 2 – continued from the previous page
Strength of

Recommendation Evidence
Recommendations: (a) Be bilaterally hybrid (analog/digital)
to support mutual communication between different skills and
realms (b) Support multiple kinds of representations, from
graphical images and physical models to animations (c) Im-
plement multiple scales including full immersion (d) Support
active and intuitive co-design [7, 8].

Weak

Use the combination of social VR (a VR system where users
can communicate with each other because they don’t use an oc-
clusive headset) and physical models to support non-designers’
involvement [10].

Very weak

A multi-touch tablet used as an interface device for VR. Sup-
ported tasks were moving a 3D cursor, navigating, sketching,
selecting and editing. Multi-touch proved more precise than
position tracking for 3D cursor placement.[9].

Moderate

To support a large number of 3D CAD data in the multi-user
VR setting, use a client/server protocol [16].

Very weak

In the building design review process, VR-supported design
review has an advantage in the design phase and augmented
reality (AR) supported design review is suitable in the con-
struction phase. In the VR and AR supported design review
setup, it is suggested to filter information based on the project’s
type, complexity, and users [21].

Very weak

In an engineering design review process, use VR as an addition
to the traditional CAD displays. The users can find a few more
faults in a 3D model with VR-supported design review than a
CAD model on a PC screen. It also reduces the risk of exclusion
of certain professional groups from the design review process
and allows users faster entry into the design review [38].

Moderate

Immersion (walk through) and interactivity were important to
discover hazards and less than optimal spatial arrangements of
furniture and equipment [11].

Very weak

Users liked AR for interior design [30]. Moderate
Users found VR helpful to assess ergonomics, styling, and prod-
uct fit in design reviews. Authors claim stereoscopy is impor-
tant for perceiving the fit of the pieces [29].

Weak

1:1 scale is a useful aspect of VR not available in 2D represen-
tations [39].

Weak

VR alone is no better than traditional 2D design review media.
The best performance results from a combination of VR and
traditional media (drawings, maps, digital models) [26].

Moderate
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Table 2 – continued from the previous page
Strength of

Recommendation Evidence
VR’s advantages over 2D are: greater fidelity (as opposed to
the use of symbols and designs distributed over several docu-
ments); better recall of similar/related experiences; simulation
of workflow; support of sight-line inspection through immer-
sion; more accurate user perception of size, scale, volume, and
depth. VR’s disadvantages: disorientation, loss of context; in-
appropriate representation for some tasks (analysis of plumb-
ing system for example); cybersickness. VR should be used
when the object is difficult to visualize in 3D, when spatial re-
lationships are important, or when the object is complex [26].

Very weak

There are usability issues with VR in general [1]. Very weak

5 Discussion

If we focus on studies showing strong or moderate evidence, we find that various
forms of 3D displays (desktop, CAVE, HMD) do support the design process [4,
12, 13, 15, 28, 30, 31, 38]. VR for example boosts users understanding and confi-
dence of their judgment of a design geometry [12, 13, 31]. VR also seems helpful
in detecting additional design flaws [15, 38]. VR can also help involve additional
stakeholders who may be marginalized in a traditional design review [15, 28, 38].
It can also increase the efficiency of the design review [26, 28].

However, comparisons between the various forms of VR (immersive (includ-
ing HMD and CAVE), desktop (including 3D CAD)) provide inconsistent results
[12, 13, 17, 22, 27, 38]. Horvat et al. (2020) [22] suggest that the reviewers’ expe-
rience with the display technologies, 3D CAD or VR, can have an impact on the
effectiveness of the type of 3D display. This is not surprising of course. Moreover,
other authors have noted usability issues with VR, such as motion sickness and
navigation difficulties [31, 26, 39]. VR is still an emerging technology, whereas
CAD is a well-established technology that we expect to better meet the needs
of experienced users. Expertise and usability issues may therefore explain the
inconsistent results comparing desktop VR to immersive VR for design reviews.

Nonetheless, there do seem to be advantages of immersive VR (CAVE, HMD)
over desktop VR (or 3D CAD), but the evidence is generally weak. Immersive
VR does appear to be superior to desktop VR (3D CAD) for non-experts [28]
(moderate strength of evidence), which is not surprising given Horvat et al.’s
(2020) findings on desktop VR (3D CAD) expertise [22]. The life-size scale of
immersive VRmay also provide some advantages [7, 39], particularly in terms
of ergonomics (space for human movement for example) [11, 26, 29]. The results
from Wolfartsberger [38] indicate that an immersive VR-supported design review
allows users to see slightly more faults in a 3D model than in a desktop VR (3D
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CAD) software-based approach on a PC screen. Goh et al. (2019) [17] suggest
that HMD-based immersive VR is better than their CAVE-based and dome-
based immersive VR because it is more affordable, requires less space and allows
users to view virtual objects that are close to them, but the evidence is very
weak.

It is important to keep in mind that co-design, even design review, involves
many sub-tasks and topics. VR will be more helpful for some than others. For
example, we can expect VR to be most helpful when reviewing 3D objects,
and not so much when reviewing software (see Parnas and Weiss (1987) [32]).
Similarly, VR would be less useful in planning or preparing the design review (see
Adwernat et al. (2020) [1]) or reviewing how regulations relate to requirements
(see Kim [23]). On the other hand, there is some evidence that VR may be
particularly useful in communication during design review meetings [31, 39]. This
is not unexpected, especially when the design review includes stakeholders who
are unfamiliar with technical 2D documents [38].

Because VR is not suited for all aspects of design review, some authors [7,
8, 26, 38] recommend that VR be used in addition to the usual 2D documents,
rather than in their stead.

To provide design guidelines for a VR design review system, we were inter-
ested in determining which specific features would be helpful. Unfortunately,
there is no strong evidence supporting particular individual features. Nonethe-
less, based on an experimentation with 32 participants, Freeman et al. [13, 12]
do suggest that the ability to hide components, use exploded views, and para-
metrically update a model in real time provide better user performance than
simply being able to pan, rotate, and scale a model.

Without much to guide us from an empirical perspective, we performed a
task analysis to generate requirements for features that could be particularly
helpful. Adwernat et al. (2020) [1] performed a similar exercise. A few of the
less obvious features we thought were important were supporting and capturing
annotations on the models themselves [1], the use of avatars (so reviewers could
see each other’s positions), recording the review sessions’ audio [1] and video,
and providing the users with a means to point to objects. Because our review
did not provide empirical evidence for these features, we will conduct reviews
and empirical on each type of feature (avatars, annotations).

One reason empirical evidence was so limited is that many articles report
real-world case studies with post-experience user satisfaction questionnaires or
interviews, in which users typically state that VR is helpful (for example, see [11,
39]). Moreover, most of these studies only have a few participants so summary
statistics of user questionnaires are not particularly informative. We appreciate
the importance of testing VR in real-world settings. Unfortunately, this makes it
very difficult to compare systems empirically to determine the specific benefits
of VR.
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6 Conclusion

In this paper, we presented a systematic literature review of distributed co-
design systems in a VR environment. Based on each article’s methodology and
results, we assessed the strength of the evidence for the reported findings, which
we presented in the results section. We then synthesized those results in the
discussion section.

There are about half a dozen studies that provide strong evidence that VR
displays, whether desktop or immersive (e.g. HMD-based or CAVE-based), sup-
port design review. However, our review shows there is little conclusive evidence
on the differences between these visual displays, which aspects of the design
review they support better, and what specific UI features or functions are im-
portant for design reviews.

Having established that VR supports design reviews in general, it is now
important to investigate quantitatively and empirically which types of VR and
which UI features are most helpful, and for which design review tasks. At this
point, there is a surfeit of qualitative case studies with few subjects. While real
world case studies are of critical importance to validate lab results, we should
not neglect quantitative lab studies. The research community should probably
now emphasize lab studies involving more users in an attempt to generate quan-
titative evidence that converges with existing qualitative evidence.
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