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ABSTRACT

Science educators need tools to assess to what extent learners’ knowledge can be transferred to novel real-world
situations. Virtual reality learning environments (VRLEs) offer the possibility of creating authentic tools where
situated learning and assessment can take place, but there is a lack of evidence-based guidelines to inform the
design and development of the VRLEs focussing on the user, that is the learner experience, especially for second-
ary schools. Drawing on theoretical premises and guidelines from user experience, usability, and technologically
enabled assessment literature, we designed, developed, evaluated, and refined a VRLE prototype for the authen-
tic assessment of knowledge transfer in the secondary school science classroom as guided by the design science
research approach. Lessons learnt from the implementation and iterative evaluation of the prototype are presen-
ted as a set of literature-based, empirically validated guidelines to support and guide educational designers and
developers to create VRLESs focused on supporting the learner experience. The contribution of this study is a VRLE
design model with the learner at its core, the definition of VLX to include learner-specific aspects of immersive
environments, and guidelines for the development of an effective and efficient virtual reality environment for
the assessment of knowledge transfer in science education.
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1 INTRODUCTION

In January 2020, the World Economic Forum (WEF) stated that the fourth industrial revolu-
tion would create the demand for millions of new jobs in completely new occupations over
the next few years, due to advances in technologies such as data science and artificial intel-
ligence (World Economic Forum, 2020). The COVID-19 pandemic has accelerated all predic-
tions relating to the digitisation of society (Alakrash & Razak, 2022; Amankwah-Amoah et al.,
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2021). Situations that learners will encounter in their professional lives will vary from having
minimal similarity to previous experience to being completely novel. To complicate matters,
each person’s experience of a situation or problem is unique, and the work environment is con-
stantly changing at an ever-increasing pace (Erebak & Turgut, 2021; Heng & McColl, 2021;
Steiber, 2014; Zawacki-Richter & Latchem, 2018). This means that education has to empower
learners to use relevant information and recognise situational conditions under which previ-
ously mastered skills and knowledge could be applied at a faster pace than ever before and to
do this flexibly in these new situations that they have not previously experienced (Cakiroglu
& Gokoglu, 2019a; Falloon, 2019; Spector et al., 2016).

In secondary school science education, learners need to acquire and develop science skills
that are not specific to a domain or situational context but which should transfer through
deeper learning to complex, real-life situations that may be predominantly unknown in a
learner’s daily life (Andrews, 2002; Bogusevschi et al., 2020; Jiang et al., 2015; Spector et
al., 2016). For science educators, assessment is crucial for determining the level of transfer of
science skills and knowledge across diverse domains and instructional contexts to ensure the
successful application of skill and knowledge in novel situations (Cakiroglu & Gokoglu, 2019a;
Jiang et al., 2015; McHaney et al., 2018). Therefore, science educators need assessment tools
that allow for the measurement of knowledge acquired and the level of cognitive or physical
skills gained through learners’ performance in authentic tasks (Bogusevschi et al., 2020; Novak
et al., 2005; Shavelson et al., 1991). Authentic tasks are those that closely represent tasks a
learner could encounter in the real world that are believable, challenging, and meaningful
with open-ended solutions (Sokhanvar et al., 2021).

Various studies have provided evidence that technology-enabled assessments can support
problem-solving and skill development as computers and multimedia technology can provide
the complex contexts that constitute realistic situations with tasks similar to those learners
would be performing in real-world contexts (Herrington et al., 201 3; Kennedy-Clark & Wheeler,
2014; Mikropoulos & Natsis, 2011; Ozgen et al., 2019; Pellegrino, 2010; Rosen, 2014; Schott
& Marshall, 2018; Spector et al., 2016). Such computer-generated simulation platforms can
be used to create authentic virtual spaces that provide safe and effective environments where
situated learning, as well as assessment, can take place (Bosman et al., 2021; Cakiroglu &
Gokoglu, 2019a; Crosier et al., 2002; Idrissi et al., 2017; Kavanagh et al., 2017; Vos, 2015;
Zuiker, 2016).

Virtual reality (VR) is the simulation of an environment set up in a synthetic space that
embeds a human as a part of the computer system (Craig et al., 2009; Donath & Regenbrecht,
1995; Ozgen et al., 2019; Penichet et al., 2013; Portman et al., 2015; Zhou et al., 2018).
Abstract concepts and unobservable phenomena, such as magnetic fields, can be visualised in
virtual reality in a novel way, supporting learning and assessment through interactivity and
personal experience (Bogusevschi et al., 2020; Craig et al., 2009; Crosier et al., 2002; Schott
& Marshall, 2018). This enables learners to construct their own knowledge and synthesise it
with their existing conceptual frameworks (Madathil et al., 2017; Makhkamova et al., 2020).

Virtual reality learning environments (VRLE’s) have the potential to provide such authentic
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assessment environments but there are numerous challenges to creating these VR assessment
tools. The tension between the opportunities provided by VRLEs and the lack of guidance
on designing VRLEs formed the rationale for this study. There are considerable design and
implementation challenges when developing an effective VRLE efficiently (Gorski et al., 2016;
Liu et al., 2016; Zhou et al., 2018). Despite a number of studies providing evidence of the
value of VRLEs in education (Concannon et al., 2020; Makransky et al., 2019; Sun et al., 2019),
there is a dearth of evidence-based guidelines to support designers and developers, especially
in the secondary school environment. This study addressed this research gap by investigating
the question: ‘Which user experience design aspects of a virtual reality environment are the most
critical for the assessment of knowledge transfer in science education?’ Notably, the application
context is the secondary school environment.

In 2020, the COVID-19 pandemic affected education in an unprecedented manner. At-
tempts to continue offering education to 1.7 billion affected learners, in the face of the strict
lockdown conditions prevalent in many countries, resulted in a shift to online classrooms (UN-
ESCO, 2020) with the net effect on education being to accelerate the digital transformation
of instruction delivery (Adedoyin & Soykan, 2020; Alakrash & Razak, 2022). Successful on-
line instruction delivery requires effective e-assessments to include not only digital versions
of closed questions but also more sophisticated tasks and skill-based or competency-based as-
sessments (Joint Information Systems Committee, 2010; Spector et al., 2016; Tinoca et al.,
2014). As a result of the pandemic, the shift in education and assessment towards improved
technology-enabled environments became crucial to ensure continued quality education and
assessment for learners all over the world (Adedoyin & Soykan, 2020; Alakrash & Razak, 2022;
Amankwah-Amoah et al., 2021; UNESCO, 2020). Considering these developments, virtual real-
ity classrooms, including virtual assessments, once considered an unaffordable luxury, may
become a necessity as priorities adjust to the new reality. Several researchers have proposed
design models for VRLEs (see section 2), but the majority of these models do not explicitly con-
sider the unique characteristics of immersive environments, specifically in terms of the context
of user experience (UX) design (Akcayir & Epp, 2020). In the light of the global digitisation
of education, which was hastened by the influence of the COVID-19 pandemic, the urgency
of research addressing the lack of guidance on implementing VR in an educational context is
compelling. The research approach and method of this study is explained in section 2, and
section 3 describes the evaluation of the prototype and the results of the findings. Section 4
explains the findings and contributions of this study. Section 5 contextualises the results and
the paper concludes in section 6.

2 METHODOLOGY

This study focused on constructing guidelines based on a conceptual model for the design and
development of an effective and efficient VRLE for the authentic assessment of the transfer
of skills and knowledge in the secondary school science classroom. Drawing on theoretical
premises from the user experience, usability, and technologically enabled assessment liter-
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ature, the research was guided by the design science research (DSR) approach. A practical
artefact in the form of a VRLE was developed, directed by the guidelines identified from liter-
ature summarised in Table 1 and the initial conceptual model shown in Figure 1.

Technology

Pedagogy

Content

Figure 1: The synergy of a VRLE

The lessons learned during the first iteration of the study were published in 2020 (Steynberg
et al., 2020). This paper builds on the findings of the previous publication (as in Table 1) and
additionally reports on the findings from the evaluation of the artefact obtained in Phase 2.
The previous contribution is extended by this paper’s focus on the virtual learner experience
(VLX) as an extended view of UX.

Following DSR’s iterative process, an artefact was developed and evaluated, focusing on the
user experience when using the artefact. Notably, we consider usability as a subset of UX as ad-
vocated by Vaitdja et al. (2009). We employed the usability metrics of effectiveness, efficiency,
and user satisfaction as core constructs in designing the evaluation, while acknowledging that
UX evaluation extends beyond those constructs (Albert & Tullis, 2013). The design, develop-
ment, and evaluation of the artefact took place over two iterations — iteration one started with
a design and specification step, whereafter the development and implementation of Artefact
One took place, and the evaluation of Artefact One followed. The results of the first evalu-
ation guided the changes in the second iteration, leading to the modification of the Artefact
One and resulted in Artefact Two. All the responses obtained in the evaluation interviews, the
observations of users interacting with the VRLE and cost journals, and data from the stealth
assessments, were analysed and synthesised as described in Section 3. From these findings, the
conceptual model was refined, and guidelines were subsequently constructed, incorporating
appropriate suggestions and proposals gleaned from previous published literature.

https://doi.org/10.18489/sacj.v35i2.17442


https://doi.org/10.18489/sacj.v35i2.17442

Steynberg, J., van Biljon, J., and Pilkington, C. : Virtual learner experience (VLX): A new dimension ... 54

Table 1: A summary of guidelines identified from literature®, with lessons learned by the authors

Guidelines Concept Lessons learned

Pedagogy - Create an authentic - There are very few 3D science assets avail-
Liu et al. (2016) environment able to create an authentic environment.
Chen (2006) - Implement - Considerable time was needed to design
Clarebout and visualised content novel visualisations.
Elen (2007) - Pedagogical agents - Voices using text to speech can be added.

Farra et al. (2016)
Jeffries (2005)
Minocha and
Reeves (2010) . ' or .
Parong and Mayer (2018) - Storyboards - Learning material should be divided into
Ritz and Buss (2016) chunks.

Schroeder (2016)

Vergara et al. (2017)

- Learner as actor - The learner is not a separate entity but
now becomes part of the simulation as he
or she interacts with the environment.

Content - Realistic learning spaces - Collisions between objects and collision
Chen (2006) with real-world metaphors spaces are hard to control and needs extra
Minocha and attention.

Reeves (2010) - The learner must engage with the problem
Ritz and Buss (2016) manipulation space.

Vergarrfl etal. (2017? - Personal space must be re- - Put restrictions into scenes to protect the
De.surV1re and Kremin- spected learner from harmful areas.

ski (2018) - Side effects must be - Movement that does not originate from

Minocha and

Hardy (2016) mitigated the learner can cause vertigo and nausea.
Serafin et al. (2016) - Use simple locomotion - Do not use hand controllers to turn, only
Snowdon and mechanics to move around to move forward and backward.
Oikonomou (2018) - Wayfinding via maps, paths - Include visual clues such as blinking
or visual clues shapes.

Technology - Consider purpose, level of - There is a significant trade-off between
Mikropoulos and Nat- immersion and realism, the monetary and time costs versus levels
sis (2011) audience and the cost when of immersion, realism and interaction.
Gérski et al. (2016) selecting hardware and soft-
Liu et al. (2016) ware ) ) ) ) )
Chen (2006) - Use a finite-state machine - The interactive nature of a learning envir-
Vergara et al. (2017) to implement interactive onment makes sequential programming
Bevilacque (2013) content less efficient.

Bourg and
Seemann (2004)

4Steynberg et al. (2020)
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2.1 Design and development

Mahdi et al. (2018) and Zhou et al. (2018) concur that VRLE design is a complex activity,
integrating technical difficulties from the nature of VRLEs with cognitive aspects, such as
content definition and task appropriation. Therefore, they propose that VRLE design and
development should combine three different areas — content, pedagogy, and technology.

In a VRLE, these three areas form new interrelationships that cause the three parts to fuse
to form a new synergy rather than existing in isolation. This synergy is not simply a sum of the
parts — the interaction between and within the parts gives rise to a new integrated environment.
Initially, we visualised this as an onion diagram, with content in the centre, pedagogy around it,
and technology encapsulating content and pedagogy (Figure 1). The guidelines from different
studies were analysed and classified according to this new, integrated environment. When
the artefact was designed and developed in Phase 1 of our study, this three-part environment
evolved into a conceptual model that was closely followed.

As guided by the conceptual framework, the design of the first layer started with the core of
the onion diagram - the definition of the content of the VRLE, namely, the problem, objectives,
content, and audience. The problem that this artefact addressed was the assessment of a
learner’s scientific knowledge and skill transfer to a new situation, focusing on magnetism
and electromagnetism. The audience for the VRLE included secondary-school learners who
are fluent in English. In 2020, this meant that it included learners who were born between
2002 and 2006. These learners are part of Generation Z, that is, people born after 1995 and
before 2013 (Bilonozhko & Syzenko, 2020). The content of the artefact was designed with the
characteristics of this audience in mind. By using a dystopian or post-apocalyptic setting in
this study, the specific learner group connected and engaged with the theme as was seen by
comments such as:

“It felt post-apocalyptic like in a movie. It was very cool, I really enjoyed it. It was very easy
and an interesting way to learn.” [L3]

Guided by the application context, the levels of immersion and realism were considered, the
level of interaction was specified, and the entry point and navigation methods were decided.

Having defined the content, we moved to the next layer of our conceptual model, namely,
the design of the pedagogy. The learning scenarios were identified, the levels of differenti-
ation were determined, and the instructional support and scaffolding were described. In the
outer layer, that is, technology, the hardware and software to be used were determined, while
negative effects such as motion sickness were considered, and the learner’s personal space was
respected throughout the development. Integrating the designs and suggestions from the three
layers of the conceptual model, namely, content, pedagogy, and technology, a detailed design
of the VRLE was drafted as a storyboard.

The storyboard includes each scene in the environment, the objectives, details of the scene,
action and challenges in the scene, cues, and interactions, what learner response can be expec-
ted, change of scene, or redirection away from the scene after a learner’s action. The detail of
one of the tutorial scenes is shown in Figure 2.
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Figure 2: A scene from the VRLE: Tutorial 2

The hardware used in the design and evaluation of the prototype included a desktop com-
puter running Windows 10 with an Intel i7 chip, an NVIDIA GeForce RTX 2070 graphics card,
and 64 GB RAM. The head-mounted display used was an Oculus Rift with integrated earphones,
two motion sensors and two hand controllers. The prototype was exclusively developed in Un-
real Engine 4.22.

2.2 Limitations

VR is not recommended for use by children under the age of 13 years (Nemec et al., 2017).
Therefore, this study did not include educational material for elementary learners. Further-
more, this study did not investigate the emotional impact of using VR for assessment purposes,
and the use of VR platforms for special needs education is beyond the scope of this study.
Artefact Two was tested by a group of 10 secondary-school learners as a convenience
sample. Our sample of only 10 learners might seem limiting in terms of generalisation, how-

https://doi.org/10.18489/sacj.v35i2.17442


https://doi.org/10.18489/sacj.v35i2.17442

Steynberg, J., van Biljon, J., and Pilkington, C. : Virtual learner experience (VLX): A new dimension ... 57

ever, when investigating usability, a sample of five participants has been found to uncover
80% of the usability issues (Lewis, 1994; Virzi, 1992). It has also been found that severe
usability problems are easier to detect with the first few participants (Lewis, 1994). Albert
and Tullis (2013) contend that given a small number of tasks or scenarios and one distinct
user group, where it is not paramount that all usability issues should be uncovered, a sample
size of between five and 10 participants is sufficient. This study investigated a prototype with
only two tasks to be performed with the objective of constructing guidelines for the design
and the development of a VRLE. Additionally, the target audience of the artefact is secondary-
school learners in the science classroom, a fairly homogenous group of teenagers. As noted,
10 participants are accepted as adequate in usability testing, but we acknowledge that UX
is broader than usability and includes several qualities that are more subjectively perceived.
Therefore, future work to validate this study’s contributions with additional user groups or a
more heterogeneous sample is advisable.

3 EVALUATION

Two evaluation phases were conducted during the development of the VRLE. Phase 1 consisted
of an evaluation by three general users and two domain experts. The results and suggested
changes fed through to the modification of the VRLE in Phase 2, where the second phase
trials were conducted with 10 secondary-school learners. The feedback and results from the
second phase evaluation are explored in this paper. Ethics clearance to conduct the trials was
granted by Unisa College of Science, Engineering and Technology’s Ethics Review Committee
with ERC reference number 020/JCS/2019/CSET_SOC.

3.1 Quantitative analysis

Feedback on the learners’ experiences was obtained in one-to-one interviews that included
Likert-item questionnaires and open-ended questions. For the Likert-item questions, five clas-
ses of answers were considered — strongly disagree, disagree, neutral, agree, and strongly
agree. The questions captured user perspectives related to the effectiveness, efficiency, and
satisfaction experienced when using the VRLE.

The frequency of each scale point grouped per subsection is presented in Figure 3.

Considering effectiveness, there were four questions that addressed effectiveness and 10
participants answered the question. Five of these responses disagreed with the statement,
hence, this equates to 12.5%. The other sections were scored in a similar fashion. Physical
comfort scored the highest in the evaluations, and it was followed closely by attitude and
motivation. Therefore, it can be deduced that satisfaction (3.1, 3.2, and 3.3) was the section
where the learners rated their experiences the most positively. Interaction with virtual objects
(1.3) and ease of navigation (2.1) scored the lowest in the feedback; thus, it can be concluded
that efficiency was the section they rated their experiences least positively.
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1.1 Spatial characteristics

1.2 Visual anthenticity

1.3 Interaction with virtual objects

1.4 Consistency of data display

2.1 Ease of navigation and object manipulation
3.1 Physical comfort

3.2 Lack of user frustration

3.3 Attitude and motivation

Figure 3: Frequency chart of each scale point grouped per subsection

The mean and standard deviation were then calculated for each of these subsections and
aggregated to find these measures for each section. The count indicates the number of re-
sponses per subsection, namely, number of questions x number of participants. The results
are displayed in Table 2, supporting the findings from analysing Figure 3, where satisfaction
scored the highest with a mean of 4.7083 and a low standard deviation of 0.7788. Similarly,
efficiency scored the lowest with a mean of 3.8667 and a standard deviation of 1.2579. This
seems to indicate that the learners were satisfied with the experience despite the navigation
challenges experienced.

3.2 Thematic analysis

The responses to the open-ended questions from the one-to-one interviews with the learners in
the second phase evaluation were analysed and synthesised into themes and sub-themes. This
was done through thematic analysis — a method for analysing qualitative data that identifies,
analyses, and reports repeated patterns in order to describe, understand, and interpret a data
set (Braun & Clarke, 2006; Clarke & Braun, 2016; Kiger & Varpio, 2020).
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Table 2: Descriptive statistics per subsection of the questionnaires from Phase 2

Standard
Mean Deviation Count

1. Effectiveness

1.1 Spatial characteristics 3.9750 1.0121 40
1.2 Visual authenticity 3.8500 1.2359 20
1.3 Interaction with virtual objects 3.4000 1.6248 30
1.4 Consistency of data display 4.7500 0.8874 20
TOTAL Effectiveness 3.9364 1.3092 110
2. Efficiency

2.1 Ease of navigation and object manipulation 3.8667 1.2579 30
TOTAL Efficiency 3.8667 1.2579 30
3. Satisfaction

3.1 Physical comfort 4.9000 0.4192 70
3.2 Lack of user frustration 3.9000 1.3379 20
3.3 Attitude and motivation 4.8000 0.5416 30
TOTAL Satisfaction 4.7083 0.7788 120

Figure 4 shows the themes and sub-themes as identified from the results.

(. AYA (v

\

Emotional experience Locomotion Visual display

* Enjoyment * Speed * Realism and quality
* Immersion ¢ Collision

* Expectation * Wayfinding

( Adaptation j ( Special effects j
(- )
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Manipulating objects Educational eal-world interaction
» Accuracy * Impact on learning * Moving around the

* Hand animation * Speed of presenting room

* Physics information * Side effects

\_ AN AN J

Figure 4: Themes and sub-themes as identified in Phase 2

Figure 5 displays the main themes arising from the semi-structured interviews as a tree
map, where the area of each section represents the number of times the theme occurred in the
responses in the interviews.
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Visual display

Real-world
Emotional experience Locomotion Manipulating objects interaction

Figure 5: Main themes arising from the interviews shown as a tree map

As can be seen from Figure 5, learners surprisingly commented the most on the overall
emotional experience of the VRLE. Aspects highlighted regarding emotional experience can
be summarised under the following five categories:

Enjoyment
All the learners commented on the enjoyment of the game.

“It was an enjoyable and fun way to learn.” [L2]
“It was very cool.” [L3]
“I really enjoyed it.” [L3]
“I enjoyed it very much.” [L4]

Interest generated

“It had a good start with a cliff hanger. It was very nice.” [L10]
“It was more enjoyable, interesting, and not boring.” [L5]
Immersion

Many learners commented that they felt immersed in the VRLE and felt themselves to be part
of the environment.

“I felt like I was part of the environment. Like I really was there.” [L1]
“It was very cool, I felt as if I was really there.” [L8]
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“I felt as if I was part of the game.” [L10]

Adaptation

A few learners indicated that they had to adapt to the environment. L3 said that she had to
get used to how it worked and L10 mentioned that his eyes had to adapt a little. L7 said that

“Something felt strange, I am not sure why.”

Expectations

In addition to their emotional experiences, learners had certain expectations of the VRLE be-
fore using it.

“I did not expect such good quality,” [L1]

and L9 mentioned that he did not know what to expect. He also said that he expected it to be
much harder. L5 supported these preconceived expectations of the learners, saying that:

“I expected more problems with navigation, but it was quite easy to use.”

Interestingly, one learner commented on other participants’ anticipated emotional experi-
ence:

“Some people won't like it and not everyone will enjoy using it.” [L7]

3.3 Discussion of results

Participants found the VRLE interesting, engaging, and instructive, and they enjoyed the
storyline and the challenges. Some of the participants mentioned that they knew exactly
what to do; this implies the explanations were at the correct level for learners and that they
enjoyed the challenge. They would, nevertheless, have liked a longer game with more inter-
action and harder challenges. They suggested more experimentation with the magnets and
more interaction with other objects as well.

Several shortcomings were also mentioned during both phases of the trials. Many parti-
cipants noted that the changes and moving around in the VRLE were either too fast or too slow.
Furthermore, object manipulation was occasionally erroneous and inaccurate. Interestingly, a
few commented on the weightlessness of the objects and noted that not being able to use their
hands when picking up an object in the VRLE felt unnatural. The use of gloves with sensors
as controllers might be a necessary enhancement when VRLEs are widely used.

Surprisingly, most of participants did not experience significant negative side effects such
as motion sickness or claustrophobia. A few mentioned that the elevator that lifted them to
the new world was interesting, “cool” or “weird”. Another participant commented that she
felt very alone in the VRLE with no other people around. She suggested that there should be
other people welcoming the learner into the New World.

https://doi.org/10.18489/sacj.v35i2.17442
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The need for the facilitator to communicate with the learner while he or she is using the
VRLE also became apparent. The learner cannot hear anything apart from what is coming
through the headphones connected to the head-mounted display, and the facilitator or teacher
cannot assist or direct the learner if needed. A system where the voice of the facilitator could
be projected to the learner’s headphones would be beneficial. Notably, this will depend on
the audio functionality of the headset used.

4 CONTRIBUTIONS

4.1 A refined design model

Before the commencement of the design in Phase 1, a design model was derived from literature
for the parts that must be considered when developing a VRLE, namely, the content, the
pedagogy, and the technology (seen in Figure 1).

However, throughout the evaluation of the artefact that took place in Phase 2, it was
evident that there was another part that was essential to the development of the VRLE. We
noted that the user is embedded in the VR environment, therefore, he or she becomes part of
it rather than existing as a separate entity (Radianti et al., 2020). In view of this realisation
and the feedback regarding the learner’s emotional experience of the VRLE, we proposed that
the learner should form the central part of the design model, modifying the diagram of the
model depicted in Figure 1 to the refined model seen in Figure 6.

Technology Hardware and software
Side effects
Personal space

Pedagogy Scenarios
Differentation
Instructional support

Content Awareness of problem, objectives, content
Level of realism
Level of interaction
Entry point and navigation

Learner Audience
Profile
Pre-knowledge

Figure 6: The adapted design model showing the aspects to consider when designing and
developing a VRLE
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This new model shows that the design of a VRLE should start with identifying the audience,
including the demographics of the learners who will use the VRLE, determining the profiles
or personas of these learners, and the target audience’s expected pre-knowledge or existing
conceptual frameworks. After these aspects have been identified, the rest of the VRLE design
and development can follow, that is, the decisions related to the Content followed by the
Pedagogy, and finally the Technology to support the implementation.

This modification of the design model, to place the learner at the core of the design model,
will ensure that suitable content will be identified for presenting in the VRLE. Accordingly, the
learners’ developmental stage, experience, and skills will lead the design of the realism of the
VRLE by using real-world metaphors and wayfinding methods that the learner is comfortable
with. For example, a real-world metaphor for ‘phone a friend’ could be a payphone for an
older audience, while for millennials it should be a cellular phone. Similarly, for wayfinding,
an older audience would gravitate to a map, whereas millennials would more likely try to use
a GPS or a map application. Based on the learners’ profiles, scenarios can be developed to
complement their interests and experiences. Authentic tasks can be created involving topical
current affairs that the specific group of learners can relate to; this can broaden the learners’
experiences by applying the knowledge presented in the VRLE to real-world scenarios. By
considering the learners’ demographics, differentiation according to language and abilities
can be created. Pedagogical support should be designed with the learner in mind — while one
age group may prefer a cartoon character as a pedagogical agent, others may prefer a visual
task list to guide them through the VRLE. Lastly, the learners’ demographics should guide the
selection of hardware and software, as different age groups have different large and small
motor skills that influence the use of hand controllers or buttons.

Developing the VRLE with the learner at the core could lead to an improved learner exper-
ience and more successful learning and assessment processes.

4.2 Extending UX to form VLX

The UX of a human-computer system is defined as the quality of a user’s experience when
interacting with the system. This includes the user’s physical, cognitive, and emotional exper-
ience. The factors that are considered in measuring this experience vary in the literature and
identifying these factors is an ongoing process in various studies (International Organization
for Standardization, 2018; Moczarny et al., 2012; Nikou & Economides, 2019; Rhiu et al.,
2020; Rogers et al., 2002). However, certain design aspects, like authenticity, immersion,
and instructional support, that influenced the virtual learner experience (VLX) while using the
VRLE have not been considered as part of UX in the current literature, and do not form part of
the UX of general computer systems. Therefore, we propose that the definition of the UX of a
virtual learning system should be extended to include learner-specific aspects. This extended
definition of UX will be referred to in the rest of this study as VLX, where the quality of this
experience is underpinned by the quality of the learning process, as contained in the learning
environment.
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During the DSR iterative design process that was followed in this study, the learners com-
mented extensively on their emotional experience of the platform. The factors that they com-
mented on that form part of the existing definition of UX included their emotional enjoyment,
their expectations, and their adaption to the environment. However, they also commented on
factors not included in current UX definitions, namely, their immersion in the scenarios,

“I felt like I was part of the environment. Like I really was there.” [L1]
the authenticity of the tasks,

“There was a story and a realistic goal — that was very nice,” [P4]

“It had a good start with a cliff-hanger,” [L10]
and the guidance they received,
“It was nice that they explain exactly what was going on.” [P4]

From the literature studies and the lessons learnt from the DSR process, the following
three factors are proposed as components of VLX, as they influence the quality of the learning
experience:

Authenticity

Authentic scenarios based on real-world problems and tasks that concern topical current affairs
may improve the transfer of learning from the learning environment to the real world (Cakiroglu
& Gokoglu, 2019a, 2019b; Craig et al., 2009; Crosier et al., 2002; Ritz & Buss, 2016; Schott &
Marshall, 2018). Authentic tasks allow the learner to experience real-world situations where
they can think innovatively and experiment with solutions to problems while being in a safe
environment.

Immersion and engagement

When a learner is immersed in the learning scenario, his or her engagement with the learning
material improves and may lead to better conceptual understanding and transfer of learn-
ing (Cakiroglu & Gokoglu, 2019a, 2019b; Craig et al., 2009; Crosier et al., 2002; Huang et al.,
2018; Ritz & Buss, 2016; Schott & Marshall, 2018). Engagement is closely linked to interac-
tion, and a high level of interaction between the learner and the learning material may lead
to a better conceptual understanding (Kavanagh et al., 2017; Parong & Mayer, 2018; Pigatt &
Braman, 2016).
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Pedagogical support

Instructional support in the form of pedagogical agents is essential in learning environments,
where a physical teacher takes on the role of a facilitator and is not directly involved in the
learning process. These pedagogical agents can guide the learner in the learning process, can
model desired behaviour and can provide scaffolding for developing new skills (Chen et al.,
2004; Clarebout & Elen, 2007; Mamun et al., 2020; Minocha & Hardy, 2016; Schroeder, 2016).
Through their presence and interaction with the learners, these agents can provide emotional
support and eliminate feelings of loneliness in the VRLE.

These three additional components of VLX can be visualised with an extended definition
of UX, as can be seen in Figure 7.

Sal‘isfa ctio®

A, ™
eOlaQOgica\ suo¥

Figure 7: Extending UX to VLX with additional factors that
emerged from this study

The perception that the applicable target audience, that is, the typical learner profile,
should influence the design and the development of the VRLE became increasingly clear as
this study progressed. The learners should, thus, be seen as the starting point for the design
and development of the VRLE, and the VRLE should be built with the learners’ demographics,
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characteristics, and existing conceptual frameworks in mind. The factors influencing VLX that
arose from this study were identified as authenticity, immersion, and pedagogical support.

4.3 VRLE guidelines for VLX

The lessons learnt from Phases 1 and 2 were synthesised with guidelines and frameworks from
existing literature, and a new set of guidelines were constructed to answer the main question —
‘What are the UX design aspects of a virtual reality environment for the assessment of learner
knowledge transfer in science education focusing on magnetism?’

These guidelines were practically evaluated through the DSR cycles, and they can now be
used by educational material designers when developing an effective, efficient, and satisfactory
VRLE focusing on VLX for assessment in the secondary-school science classroom.

To structure the guidelines, the modified design model from Figure 6 was used as a starting
point and the guidelines were divided into the four parts identified, namely, the learner, the
content, the pedagogy, and the technology.

The learner forms the core of the entire process of design and development. The start-
ing point of the VRLE design should be the identification and definition of the prospective
learner audience. The learner’s experience, engagement, motivation, and well-being must be
considered as of utmost importance and should be the thread through the whole design and
development process.

The guidelines then focus on the content of the VRLE, which together with the context of
the VRLE, has an integral influence on the enjoyment and engagement of the learners. The
objectives and goals of the VRLE should be clearly identified and presented in an engaging
storyline depicted in real-world scenarios with appropriately complex and authentic tasks.

The next part of the design model is the pedagogy. When considering the use of a VRLE for
assessing the transfer of learning to the real world, the pedagogical aspects of the VRLE should
be carefully designed to ensure that the assessment is reliable and valid. Clear objectives and
goals should be determined with help being always accessible.

Lastly, the technology used to implement the VRLE envelops all the previous parts. Without
appropriate hardware and software for the implementation of the VRLE, the effectiveness
and efficiency of putting the learner into the centre of VRLEs would be impaired. Wearable
hardware should be comfortable, adjustable, and not cause fatigue. The VRLE should be easily
mastered with intuitive controls and natural navigation. Physical side-effects should always
be considered and mitigated as far as possible to accommodate learners with different physical
characteristics.

The final guidelines, structured with the learner as the focus/centre of the design model in
mind, are shown in Table 3.
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Table 3: Guidelines for an effective and efficient virtual reality environment for the assessment of
knowledge transfer in science education

Learner

The VRLE should be aimed at a specific audience with pre-identified learner profiles and levels of
pre-knowledge.

Learners’ motivation and level of enjoyment should be considered throughout the design and de-
velopment process.

The learner must be able to control and interact with the VRLE in a natural manner.

The learner should be able to take responsibility for his or her own assessment or task progress.
The tasks that the learner should complete must be clearly identifiable.

The learner’s progress and results should be stored and displayed throughout the VRLE.

The VRLE should offer differentiated content based on certain learner characteristics.

The learner should be immersed in the environment.

The learner’s comfort and personal space is of utmost importance and must be considered when
designing and developing the VRLE.

Learners should have the option to communicate and collaborate with their peers or teachers.

Content

Employ real-world scenarios with complex, authentic, significant tasks.

The objectives and goals should be clear and easily identified.

The VRLE should include a captivating storyline.

The VRLE must include background content on the tasks that the learner might need.

The level of interaction should enable the learner to engage with the learning material.

The visual representation of the environment and objects in it should be pleasing, accurate, and
consistent.

There should be realistic interaction with objects in the VRLE.

The environment and its behaviour should be consistent with the learner’s conceptual framework.
The subject content should be presented in learner-paced segments.

Real-world metaphors that the learners are familiar with should be used.

The colours that are used to represent different concepts must be consistent with common use.

Pedagogy

Outcomes and assessment tasks must be aligned, clearly stated, and consistent.
Assessment should be practical and sustainable.
Instructions should be clear and consistent throughout the VRLE.

[Continued ...]
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Table 3: [...continued]

Pedagogy

Help should be accessible at all times.
Scaffolding and feedback should be consistently applied in easy-to-understand language.
The subject matter must be complete and accurate.

Technology

Appropriate hardware and software should be selected, keeping the objectives and the audience
of the VRLE in mind.

Use of the VRLE should be intuitive and easily mastered.

The learner should be able to control and interact with the VRLE in an intuitive, natural manner.
The hardware should be always easily adjustable and comfortable.

Input devices should be easily manipulated.

Learners should not be able to skip VRLE-specific tutorials that will familiarise them with the use
of the VRLE.

The VRLE should be reliable and special consideration must be given to the implementation of the
control flow of the VRLE. Specialised models such as finite-state machines can assist in simplifying
the implementation, leading to an improved system.

The system must respond immediately and consistently to a learner’s actions.

There must be boundaries to limit a learner’s movement to keep them from entering out-of-bounds
areas.

Navigation and wayfinding should be natural and simple.

There should be minimum distortion in visual and audio information.

Physical side-effects of using the VRLE should be minimised and monitored throughout the design,
development, and implementation of the VRLE.

5

CONTEXTUALISATION

To contextualise the value of our findings, we considered studies that have investigated aspects
of VRLEs during the past 12 months and now present a selection of those findings. A few of
those will now be discussed.

Makransky et al. (2019) investigated the effectiveness of immersive VR as a training environ-

ment and obtained their seminal results by comparing the performance of learners studying
in three environments, namely, immersive VR, desktop VR, and paper-based training. They
concluded that the performance of the different groups of learners did not differ on the im-
mediate retention test, but there was a significant improvement in the transfer of learning
to experience in a physical lab in the group that received training in immersive VR.

Concannon et al. (2020) studied the possibility that experience with simulated practical ex-

ams lowered occupational therapy students’ anxiety. They created a virtual clinic with VR
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simulation that featured a clinic and a standardised patient whom students could interview
in natural language. In this study, they concluded that the students who participated in the
VR simulation, as part of their examination preparation, had a significantly lower anxiety
level when conducting their actual practical exams.

Sun et al. (2019) investigated the use of immersive VR for assessment in higher education.
They concluded that students preferred to use the VRLE, found it more engaging, and
had an increased sense of involvement. This is supported by the study by Akman and
Gakir (2020), focusing on the engagement and retention of learning in the primary school
mathematics classroom.

Yu’s (2021) systematic review found that overall learning outcomes and achievements could
be significantly improved by VR. Furthermore, they concluded that the design of the VRLE
may directly affect the influence of the VRLE on learning. This also supports the importance
of this study, namely, to ensure the optimum design of a VRLE with the learner at the core
of the design.

These studies provide evidence to support the value of using VRLEs to support knowledge
transfer to practical situations, as well as reducing anxiety in practical examinations. However,
none of the recent studies addressed the gap in terms of VRLE design guidelines for assessing
knowledge transfer in the science classroom, and they support the need for expansive and
clear design guidelines to ensure that the positive effect of the VRLE on learning is maximised.

6 DISCUSSION AND CONCLUSION

During the initial investigation of the literature in 2018 when this study commenced, it was
found that the focus of education was shifting, with learning in the 21st century becoming
increasingly characterised by a large number of non-recurrent skills that have to be applied
flexibly to novel situations (Bossard et al., 2008; Guardia et al., 2017; National Research Coun-
cil, 2012; Spector et al., 2016; van Gog et al., 2008). Therefore, the proposal was that assess-
ment should move away from the current linear model, which focuses on content and is isol-
ated from real-life situations, towards authentic, real-world assessment that enables learners
to experience problem-solving in a safe virtual environment (Andrews, 2002; Guardia et al.,
2017; Heady, 2000; Idrissi et al., 2017; Roussou et al., 2006; Spector et al.,, 2016). The
COVID-19 pandemic changed education in an unprecedented manner, resulting in a shift to
online classrooms (UNESCO, 2020). In this shift, the need for effective e-assessments was
brought to many pedagogists’ attention. Educational material designers now have the motiv-
ation to develop e-assessments that not only include digital versions of closed questions, but
also more sophisticated tasks and skill- or competency-based assessments (Adedoyin & Soykan,
2020). These fundamental changes to the core of education now call for a renewed focus on
e-assessment to ensure that the highest levels of requirements are met.
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This research concentrated on the UX design aspects of a VRLE for the assessment of learner
knowledge transfer in science education. The findings from the evaluation of the artefact ob-
tained in Phase 2 suggest the need for a model where the learner is at the core/centre of
the design of the learning environment. This insight is concretised by describing VLX as an
extended view of UX, where it includes the quality of a learner’s experience when interacting
with a learning environment. VLX is defined in this study as the virtual learner experience, a
focused view of UX including learning-specific aspects such as authenticity, immersion, and
instructional support, in addition to the traditional aspects of UX. This implies that the qual-
ity of the learning process, as contained in the learning environment, forms the basis of the
learners’ experience in terms of usability. The theoretical contributions of this research include
the evidence-based VLX design model and the VRLE design guidelines for the assessment of
knowledge transfer in science education. More research is required to expand these learning-
specific aspects to solidify the description of VLX and simplify the design and development
process of VRLEs.
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