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ABSTRACT

Extended Reality (a continuum that encompasses Virtual Reality, Mixed Reality, and
Augmented Reality) is a recent concept that is gaining traction as new concepts of
Cyber-Physical Systems are being researched and developed exploiting and integrat-
ing different modes of interaction (e.g., visual, language, audio, haptic). The new
interface technologies find application in a host of fields, such as education and
training, healthcare, security and defense, engineering and maintenance, and enter-
tainment. Extended Reality usability assessment faces new challenges, considering
the potential negative impacts (e.g., sickness, discomfort, and cognitive load) of using
an immersive environment, and the need for strategies to avoid or, at least, mitigate
such impacts. This paper reviews the state-of-the-art of Usability assessment methods
applicable to the Extended Reality spectrum, categorizing them and identifying gaps
to be bridged in the future.

Keywords: Cyber-physical interaction, User experience, Virtual reality, Augmented reality,
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INTRODUCTION

Usability and User Experience (UX) are quite well-consolidated concepts that
are being applied to Cyber-Physical Systems (CPS), which led to the develop-
ment of a variety of Ergonomics/Human Factors focused design heuristics
and frameworks and assessment methods. The technological evolution is
turning real new and emergent forms of immersive and semi-immersive inter-
action with CPS. On one hand, this is allowing for the actual implementation
of futuristic visions that were introduced in the context of Science-Fiction
some decades ago, such as the “metaverse” (note that one of the key features
of the Metaverse is being Immersive, in the sense of feeling real to the users
(ART, 2022)). On the other hand, new forms of interaction require improved
or even new ways of ensuring good and safe usage of CPS.

Extended Reality (XR) (i.e., a continuum that encompasses Virtual Reality
(VR), Mixed Reality (MR), and Augmented Reality(AR)) is a recent concept
(Cárdenas-Robledo et al., 2022; Rauschnabel et al., 2022) that is gaining
traction as Gaming, Modelling and Simulation, Internet of Things, Indus-
try 4.0, Robotics, Digital Twins or Serious Games domains, to name a
few, are being researched and developed exploiting and integrating differ-
ent interface device technologies (e.g., visual, language, audio, haptic). These
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interface technologies find application on a host of fields, such as education
and training, medicine and healthcare, security and defense, engineering and
maintenance, and entertainment. Extended Reality interaction places new
challenges to researchers and designers, considering the growing complexity
of the CPS’ user environment. Among others is the impact of such forms of
interaction on humans (e.g., the risk of creating discomfort, or physiological
and cognitive load) and the methods for assessing them and the strategies for
avoiding or, at least, mitigating potential negative impacts.

Therefore, the research questions addressed by this work are:

What are the Usability assessment methods being applied in the context
of Extended Reality spectrum? and What features are they assessing?

To answer this question, a review of papers published in recent years address-
ing Usability assessment studies performed to Extended Reality designed
applications, identifying the methods used and the features assessed. The Pre-
ferred Reporting Items for Systematic Reviews (PRISMA) method (Liberati
et al., 2009) is used as a formal tool and guideline for data collection of the
literature review. The chosen data set consists of studies published in the last
twenty years. The analyzed sample includes papers from journals searched on
relevant scientific databases and meeting specific query constraints. For the
retrieved papers, the methods used and the type of Usability assessment fea-
tures they cover were identified. Previous published systematic reviews and
surveys on Usability assessment methods were out of the scope of the current
work.

This paper is structured as follows: the Method section presents the search
performed, followed by the data collection and the analysis processes to
extract relevant information; the protocol followed is instantiated in the
Results section, including the chosen bibliographic repositories, the records’
inclusion and exclusion criteria, as well as the search and analysis processes
for collected papers. The Discussion section highlights the topics of Usability
assessment methods applicable to the Extended Reality spectrum which are
the target of the research questions, categorizing them. Finally, the Conclu-
sion section provides a summary of the findings and presents proposals for
further work.

METHOD

To follow the systematic review procedures of PRISMA (Page et al., 2021),
a protocol setup is required in advance, detailing the chosen bibliographic
repositories, the inclusion and exclusion criteria for the records, as well as
the search and analysis processes of the collected papers.

For attaining relevant references, the main bibliographic repositories were
searched (e.g., Complementary Index, Emerald Insight, IEEE Xplore Digi-
tal Library, Academic Search Complete, Directory of Open Access Journals,
Business Source Complete, MEDLINE) using the EBSCO search engine. The
protocol specified several retrieval constraints: i) peer-reviewed journal arti-
cles - excluding any other kind of documents (e.g., book chapters, conference
proceedings, technical reports); ii) works published in English - excluding any
other languages; and iii) time span: from 2004 to 2024.
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A query string (“Extended Reality” AND “Usability OR User Experience
OR UX” NOT “Survey” NOT “Review”) was built with a composition
of terms and Boolean operators chosen for finding (by title, abstract, or
keywords) relevant English written peer-reviewed journal articles.

The process of extraction of the records was performed on 2024,
January 4th, and a spreadsheet with the core fields for each of the retrieved
records (title, abstract, keywords, authors’ names and affiliations, journal
name, and year of publication) was created, allowing a preliminary screen-
ing and assessing of records’ titles and abstracts. Subsequently, a validation
of records’ compliance with the eligibility criteria was performed to arti-
cles referring to Usability assessment studies performed to Extended Reality
designed applications, excluding articles not directly related with usabil-
ity studies (e.g., reviews, surveys) or lacking information about the specific
methods applied and demonstrated by study results.

Bibliographic details of the included studies were added to the spreadsheet
as well as the essential items of the PRISMA checklist. However, given the
exploratory nature of this work, PRISMA’s items 12 to 27 were ignored.
Finally, a pilot test on fifty randomly-selected papers was conducted in order
to refine and code the extracted information, namely the assessment methods
applied, the specific context of the Extended Reality spectrum analyzed, and
the Usability features assessed by each method. This paper reflects the results
of the review considering these stages. The review work is currently pro-
ceeding, encompassing the remaining records resulting from the bibliographic
repositories search.

RESULTS

The search on the above-mentioned electronic databases allowed the
retrieval, in total, of 1475 bibliographic records. By applying the constraints
the number of records was reduced by considering the time span (1434), peer
reviewed (650), English writing (638), scientific journals (524), and dupli-
cations (494). These filtered records corresponded to 777 records on the
searched source repositories. Considering the journal editors, the most rep-
resented are: MDPI (91), IEEE (71), Taylor & Francis (52), Springer (41),
and Wiley (26). The distribution of retrieved records per year is illustrated
in Figure 1, which also offers the perspective that most publications meeting
the constraints set for the review were published in the last five years. In fact,
75% of the records were published in the last three years: 90 records in 2021
(18%), 142 records in 2022 (29%), and 139 records in 2023 (28%). This is
an evidence of the novelty of the topic.

The retrieved records, are currently being screened based on contents, to
check if they meet the eligibility criteria of describing usability studies which
contain a clear reference to the specific methods applied. Preliminary data,
based on a random access to texts available online, points to an eligibility rate
close to 40% (85 papers selected out of 208 papers screened). The selected
papers follow a publication year distribution that reflects the distribution
of the retrieved papers (i.e., 2019-2; 2020-8; 2021-13; 2022-21; 2023-38;
2024-3).
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Figure 1: Distribution of the number of retrieved records per year.

The eligible papers were treated and its contents subject to a coding process
following their full reading. The relevant articles were codified accord-
ing to predefined categories: (i) type of Extended Reality application (e.g.,
VR, AR, MR, XR); (ii) type of interaction device (e.g., desktop, HMD
(head-mounted display), handheld mobile device, CAVE (cave automatic vir-
tual environment)); (iii) specific assessment methods adopted; (iv) usability
feature addressed; (v) type of application domain.

The elicited data was compiled in a table, which is summarized in this
article for reasons of space. The preliminary findings are presented in the
next section.

DISCUSSION

Table 1 summarizes the findings of the study, regarding the assessment meth-
ods described in the sample of papers there were retrieved from the literature
review. The methods are first sorted in descending by frequency of occur-
rence, and second by alphabetical order of those with identical frequency. The
first column (‘Type of assessed feature or Data Collection Method’) presents
no particular sorting criteria.

Note that most of the analyzed usability studies (which are not identified in
this paper) combine multiple assessment methods; identically, some compare
multiple platforms or several types of XR in the same study. This is the reason
why the sum of the values presented in the column (or row) cells does not
match the ‘total’ column (or row) values.

Regarding the XR type, it was found a prevalence of studies addressing
VR apps (59), followed by AR (28), MR (7), and just four addressing XR in
general. As for the type of interaction devices, the large majority of the apps
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assessed used HMD (77%), followed by handheld mobile (14%) and desk-
top (7%) devices; two studies addressed the use of CAVEs. Regarding the
application domain, the usability studies addressing Medicine and Health-
care (including the education and training of professionals) were the most
frequent in this sample (36%), followed by Education and Training (28%),
and Interaction (23%) usability studies.

Regarding the type of data collection methods, the usability studies ana-
lyzed tend to be mainly based on qualitative (e.g., questionnaires) rather than
on quantitative (e.g., measurements) types of assessment methods. Regarding
the assessed features, a significant portion of the assessment method types
identified address features that go beyond the most commonly assessed in
Usability/UX (i.e., learnability, efficiency, memorability, errors, satisfaction);
these features tend to relate tomajor issues that may affect the use of XR apps,
such as Sickness, Presence, Anxiety and Simulation Effectiveness. Observa-
tion and PerceivedWorkload methods were also used in some of the analyzed
studies.

The following subsections identify the specific methods used in the above
mentioned publications.

Qualitative Assessment Methods

Virtually all papers analyzed used one or a combination of qualitative
assessment methods to evaluate the Usability or User Experience of the appli-
cation(s) under study. These methods are usually based on questionnaires,
often using a Likert Scale (Likert, 1932) to classify the answers. Some meth-
ods are holistic in assessing the multiple dimensions of Usability, while others
focus on a particular dimension.

General Usability/UX assessment – the methods used more frequently in
the studies were the System Usability Scale (SUS) (Brooke, 2013) and the User
Experience Questionnaire (UEQ) (Laugwitz et al., 2008), followed by the
Post-Study System Usability Questionnaire (PSSUQ) and its non-laboratory
version the Computer SystemUsability Questionnaire (CSUQ) (Lewis, 2002);
the Usability Scale for Handheld Augmented Reality (HARUS) (Santos et al.,
2014) was used to assessed handheld AR applications; while the Game
Engagement Questionnaire (GEQ) (Brockmyer et al., 2009) and the Game
User Experience Satisfaction Scale (GUESS) (Phan et al., 2016) were used to
assessed [serious] game applications; Nielsen Heuristics (Nielsen & Molich,
1990) and the USE Questionnaire (Lund, 2001) were also used in more
than one studies. Finally, the following methods were applied in only one of
the analysed studies: Expectation Measure and Ease of Use (Davis, 1989);
Learner-User eXperience Questionnaire QLUX (Assaf & Morán-Mirabal,
2023); Media and Technology Usage and Attitudes Scale (MTUAS) (Rosen
et al., 2013); Extended System Usability Scale (SUS-E) (Harper & Dorton,
2021); Instructional Usability Scale (SUsI) (Assaf & Morán-Mirabal, 2023);
and Technology Usage Inventory (TUI) (Kothgassner et al., 2013).

Sickness assessment – sickness is an undesired effect of the exposure to
simulators and XR environments. The following three methods, sorted by
decreasing frequency, were found in the analyzed papers: Simulator Sickness
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Questionnaire (SSQ) (Kennedy et al., 1993); Virtual Reality Sickness Ques-
tionnaire (VRSQ) (Kim et al., 2018); and Visually Induced Motion Sickness
Susceptibility Questionnaire (VIMSSQ) (Keshavarz et al., 2019).

Presence assessment – the level of presence felt by users immersed in an XR
environment is an important feature for the success of an app. Some studies
assessed this feature using the following methods: Presence Questionnaire 2.0
(Witmer & Singer, 1998); I-group Presence Questionnaire (IPQ) (Berkman
& Çatak, 2021); Slater-Usoh-Steed presence questionnaire (SUSpq) (Usoh
et al., 2000); Augmented Reality Immersion Questionnaire (ARI) (Georgiou
&Kyza, 2017); Presence in Augmented Reality Questionnaire (pAR) (Regen-
brecht & Schubert, 2002); and Self-Presence Questionnaire (SPQ) (Ratan &
Hasler, 2009).

Acceptability assessment – another important feature for any application
is the degree of users’ acceptance. To assess this, the following methods were
used in the studies: Technology Acceptance Model 3 (TAM-3) (Venkatesh
& Bala, 2008); Unified Theory of Acceptance and Use of Technology
(UTAUT) (Venkatesh et al., 2003); and Service User Technology Acceptability
Questionnaire (SUTAQ) (Hirani et al., 2017).

Anxiety assessment – the motivation to use an app can be affected by
the level of anxiety its use may generate. To assess the Flow Short Scale
(FSS) (Rheinberg et al., 2003) and the State-Trait Anxiety Inventory (STAI)
(Spielberger et al., 1970) two methods were applied in the studies analyzed.

Satisfaction assessment – users’ satisfaction is an important Usability fea-
ture of an application. The specific assessment of this was done using the
User Satisfaction Evaluation Questionnaire (USEQ) (Gil-Gómez et al., 2017)
and the Quebec User Evaluation of Satisfaction with Assistive Technology
(QUEST) (Demers et al., 2000) methods.

Emotions assessment – one particular study used the Achievement Emo-
tions Questionnaire (AEQ) (Paoloni et al., 2014) to assess the emotions
experienced by students using an AR app.

Desirability assessment – a couple of papers assessed the desirability of AR
apps by using the Product Reaction Card (Benedek & Miner, 2002) method.

Consumer Loyalty assessment – the Net Promoter Score (Keiningham
et al., 2008) was used in three studies addressing the use of VR and AR apps.

Simulation Effectiveness assessment – The Simulation Effectiveness Tool -
Modified (SET-M) (Leighton et al., 2015) was used in two different studies
to assess AR apps.

Ease of task completion assessment – it was done in three studies using the
After-Scenario Questionnaire (ASQ) (Lewis, 1991).

Interviews – this is frequently used to assess the Usability of apps and find
areas for improvement. Interviews can be semi-structured, usually involv-
ing open ended questions; or structured, often using Likert Scale answers,
and processed statistically. Some studies tailor a customized or adapted
assessment method based on this type of interviews/questionnaires.

Observation – Usability tests usually are monitored and can be recorded.
The information gathered in the test sessions is very helpful for the assessment
of the application. The analyzed studies that embraced this approach used
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the following well-known methods: Think-aloud (Lewis, 1982) and Cogni-
tive Walkthrough (Wharton et al., 1994). The Wizard of Oz (Kelley, 1983)
method was also used to simulate the expected behavior of VR applications,
assessing them in an early stage of the design.

Perceived Workload – the perceived workload is a very important feature
of applications meant to be used to perform demanding or complex tasks.
The methods more frequently used were the NASA Task Load Index (NASA-
TLX) (Hart & Staveland, 1988), and the Raw Task Load Index (RTLX)
(Hart, 2006). The usability study of a MR application designed for use in
the surgical domain applied the SURG-TLX (Wilson et al., 2011) method.

Quantitative Assessment Methods

A much more reduced fraction of the studies (16 in total), applied quantita-
tive usability assessment methods in combination with the above mentioned
qualitative ones. In the analyzed papers the data collection was supported by:

Sensors – that monitored the users while they were performing the tasks.
Namely, two studies used Eye tracking to locate the gaze of the users, identify-
ing the areas where attentionwas focused; and one studymonitored theHeart
Rate of patients involved in training activities supported by aMR application.

Measurements – for evaluating the Time spent, the number of Errors, and
theMovement Patternswhile using an app. A study also assessed the 3D Inter-
section Over Union (IoU) for comparing AR and VR in the representation of
real objects.

CONCLUSION

The analysis of the eligible papers retrieved contributed to answering the
research questions addressed in this work, identifying a number of Usability
assessment methods that are being applied in the context of Extended Real-
ity, as well as the features they are assessing. The results were summarized
in Table 1 and the methods were addressed in the Discussion section. The
distribution of publications per year identified in the bibliographic search
reveals that about 75% of the records concentrated in the last three years,
being an evidence of the traction the discussion of XR usability assessment is
gaining. Apparently there is still a large prevalence of studies addressing VR
apps, compared with AR and MR apps. The interaction devices targeted by
the studies were mainly HMD. The application domains were mainly related
with Medicine & Healthcare, Education & Training, and Interaction usabil-
ity studies. Regarding the Usability/UX assessment there is a prevalence of
Qualitative methods when compared with Quantitative methods. Some tra-
ditional methods (e.g., SUS, UEQ) are intensively used in the XR context,
but new methods are emerging to assess specific types of interaction (e.g.,
HARUS), or to assess particular types of features or impacts that are more
specific to XR applications (e.g., Sickness, Presence, Anxiety, Simulation
Effectiveness). Regarding the emerging methods it seems to be important, in
the near future, to clarify their limitations and advantages in order to evolve
to a reduced set of robust and comprehensive XR usability assessment tools
that can be applied in a standardized and comparable way, contributing to
improve the design of XR applications and also to allow the comparison of
their Usability.
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Table 1. Summary of assessment methods used in the random sample of the literature
review retrieved studies.
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