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ABSTRACT

Individuals’ conceptual knowledge of contemporary biological issues influences ethical attitudes
and life decisions around health, as evidenced by the recent worldwide debate on vaccinations.
The reasons for which the public opinion is so critically divided can be partially explained from
the didactic approaches used in biology education. In view of the rapid evolution of Virtual
Reality (VR) as well as the increasing interest that youths have shown toward Escape Rooms
(ER), an unexplored research and development avenue is identified. In this experimental study,
we present the design and development steps as well as the evaluation of a VRER dedicated to
biology education. For comparison purposes, an educational instructional video utilising the
storytelling technique was also prepared. Both approaches were examined in the upper
secondary education context with participants (N=50) emerging from the Applied Sciences
academic path. The key-findings suggest that the active learning approach leads to increased
knowledge acquisition, in the short term, as opposed to the passive learning approach but no
significant differences were identified in the long term (knowledge retention) across the
methods. Based on the instructional decisions made and the key-findings emerged we provide
implications and guidelines for the design, development, and integration of VRER in education.
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1. Introduction Educational or instructional multimedia videos of

Researchers agree that procedural or higher-order cog-
nitive skills are best rehearsed and attained through
hands-on experimentation (Jones et al. 2019; Semilarski
and Laius 2021). However, teacher-oriented instruction
is still dominant in biology education, despite the
serious limitations that such an approach inhibits on
knowledge acquisition and construction even when
basic scientific concepts are explored (Xu, Ye, and
Wang 2021). This can be primarily attributed to the
fact that schools are often lacking the tools or even the
primary resources to support complex or abstract
science-related experiments (Reeves and Crippen
2021). A proposed solution to counter this inadequacy
of the educational systems comes from the review
work that Gawlik-Kobylinska, Walkowiak, and Macie-
jewski (2020) conducted in a related field (Chemistry
education) where educators are highly recommended
to consider the adoption of alternative, digital-based,
didactic approaches - such as instructional videos or
serious games — as a means of supporting interdisciplin-
ary learning and promoting conceptual understanding.

diverse forms (interactive, animated, storytelling, 360°)
and styles (presentations/lectures, tutorials, demon-
strations, scenarios, and simulations) are considered to
be one of the most widely adopted and effective learning
methods. Studies conducted especially in the STEM
(Science, Technology, Engineering, Mathematics) edu-
cation fields report a variety of applications that academic
content videos have in the modern classroom (e.g. compli-
mentary to the course delivery, asynchronous learning).
The review that Otchie et al. (2020) performed has con-
cluded that videos with educational content promote
authentic learning and bring multiple benefits on learners’
psychology (motivation, engagement, enjoyment), aca-
demic performance (knowledge construction, retention),
and skill acquisition (psychomotor, cognitive, affective).
Nevertheless, several issues are also reported with the
most prominent being the technological challenges that
content creators face (material collection, content design,
quality assurance) and the increased cognitive load that
learners usually report which impacts negatively the per-
ceived learning experience (Brame 2016).
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The other recommendation concerns the introduc-
tion of the so-called ‘Serious Games’ to the educational
practices. One of the key objectives of Serious Games is
to provide reliable and, where possible, cost-eftective
instructional alternatives through which learners can
experience the knowledge in a more vivid, interactive,
and realistic way (Ravyse et al. 2017). Not surprisingly,
the newly emerged digital Serious Games are heavily
influenced by the wider evolution of emerging technol-
ogies, such as the ones emerging from the Mixed Reality
spectrum. Researchers who have examined systemati-
cally the application of immersive technologies in
STEM education have concluded that such applications
provide fertile ground for the design and development
of situated, problem-based, educational activities (Pel-
las, Dengel, and Christopoulos 2020; Mystakidis, Chris-
topoulos, and Pellas 2021). To this end, the meta-
analysis that Girard, Ecalle, and Magnan (2013) per-
formed a few years ago had already highlighted the gra-
dual growth of educational games dedicated to the
STEM education fields. However, a more recent review
has revealed that there is still lack of research and devel-
opment efforts related to the subject of biology (Adita,
Nugraheni, and Srisawasdi 2020).

Reviews of empirical studies that have explored
computer-supported instruction in STEM education
underline the added-value that gamification brings
in the training process (Pellas, Mystakidis, and Kaza-
nidis 2021). Escape Rooms (ER) constitute a relatively
new recreational concept which has also inspired edu-
cators, from different disciplines and settings, to
explore (Veldkamp et al. 2020; Makri, Vlachopoulos,
and Martina 2021). Nevertheless, the findings of the
review study of Lathwesen and Belova (2021), con-
cerning the integration of ER in STEM education,
identified the lack of practical applications and
empirical evaluations in the fields of physics and
biology.

Wu and Chen (2020) performed a systematic review
on an alternative instructional approach - the Edu-
cational Digital Storytelling (EDS) - which has been
receiving increasing interest within the last decade.
According to the authors, EDS has been applied both
as a stand-alone and supplementary pedagogy with
overly positive results. Regardless of the intended use,
storytelling is considered to be an effective approach
to communicate science-related matters to the public
(e.g. health campaigns) as it ‘bridges the gap’ between
facts and understanding (Csikar and Stefaniak 2018).
Nevertheless, despite the reported benefits that EDS
entails, there is a scarcity of empirical works exploring
its potential in STEM education subjects and even less
so in the secondary education setting.

For the design and development of the story narra-
tion, content creators can utilise a wide range of multi-
media tools including text, images, animations, and
music (Robin 2016). To this end, a method that can
potentially combine all the aforementioned techniques
is called ‘machinima’. Sagri, Sofos, and Mouzaki
(2019) define machinima as ‘a contemporary storytell-
ing and filmmaking practice involving the capture of
existing animated characters [...] in order to create a
film’. The wider acceptance that 3D (three-dimensional)
environments have seen in the last decades has brought
the opportunity to turn the virtual space into a ‘canvas’
wherein educational stories can be designed, unrolled,
and recorded (Checa-Romero and Pascual Gémez
2018). Nevertheless, there is a scarcity of machinima
videos in science education, despite its added-value to
practice-based learning (Harwood 2013).

1.1 Significance of the study

Based on the future work recommendations elicited
from the pertinent literature, the following unresolved
issues related to biology education and digital instruc-
tion in the biology courses were detected. First, biology
education is still relying heavily on the passive, teacher-
oriented, learning model with restricted opportunities
for practical exercises (Xu, Ye, and Wang 2021). Second,
limited attempts can be identified where VR-supported
Serious Games for biology education are integrated,
especially in the secondary school context (Adita,
Nugraheni, and Srisawasdi 2020). Third, there is an
acute need for easily adaptable ER for STEM education
and more empirical evidence on their effects on learners
(Lathwesen and Belova 2021). Finally, studies that
explore the impact of digital instruction usually assess
the effect of an intervention immediately after its com-
pletion, without considering the time required for stu-
dents to consolidate the newly acquired knowledge or
skills (Girard, Ecalle, and Magnan 2013). In consider-
ation of the latter, delayed assessments can be utilised
as a means to control for the short-term memory or
the novelty effect while also offering researchers the
opportunity to gather robust evidences regarding the
sustained impact of the training approach (All, Castel-
lar, and Van Looy 2016). Therefore, conducting studies
that evaluate participants’ knowledge, also in the long-
term, is highly recommended (Risdnen et al. 2009).

1.2 Contribution of the study

The aforementioned recommendations set the research
objectives of this experimental study which are as fol-
lows. First, we sought out to investigate the integration



of a novel instructional method (Virtual Reality Escape
Room - VRER) in the context of biology education, as it
seems to be the most under-supported and under-eval-
uated field when alternative instructional approaches
are considered (Adita, Nugraheni, and Srisawasdi
2020; Xu, Ye, and Wang 2021). The integration was
done in the physical classroom context, in contrast to
the norm that relevant empirical studies usually follow
—i.e. in fully controlled, Mixed Reality, laboratory
environments where optimal conditions are assumed
(cf, Pirker et al. 2018; Makransky, Wismer, and
Mayer 2019). Second, to strengthen the impact of the
intervention, we chose one of the most interesting yet
challenging subjects; biochemistry. According to Bretz
and Linenberger (2012), Higher Education students
have multiple misconceptions around this particular
topic. As the authors report, students in the field have
oftentimes inability to define even the basic character-
istics of enzymes or to determine the impact that the
alternation of environmental factors has on them.
Although no relevant research could be identified in
secondary school settings, it can be argued that the
lack of conceptual understanding or — even worse -
the development of misconceptions, has emerged well
before tertiary education. Third, we explored and com-
pared the educational potential of this alternative
instructional method from diverse perspectives (active
versus passive instruction - playing the VRER versus
observing an actor playing the VRER via a machinima
video) and points of view (cognitive benefits, motiv-
ation, engagement, enjoyment, satisfaction). Finally,
we examined the effects and impact of these instruc-
tional methods in multiple intervals (i.e. short- and
long-term) in an effort to identify their impact on
both knowledge construction and retention.

In line with these objectives, the following research
questions (RQ) were formed:

RQL. Is there any difference between the academic per-
formance of students who followed the active learning
instruction and their counterparts who followed the
passive learning method on near and far transfer
assessments?

RQ2. Is there any difference between the perceived
value of the learning experience of students who fol-
lowed the active learning instruction and their counter-
parts who followed the passive learning method?

2. Background
2.1 Educational virtual reality escape rooms

Nicholson (2018) defines escape or breakout rooms as
‘live-action, team-based, games where players discover
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clues, solve puzzles, and execute tasks in one or more
physical spaces to accomplish a specific goal, usually
within a limited time frame’. Although escape rooms
emerged as an alternative leisure approach, the fact
that players are required to use a wide range of cognitive
(problem-solving, situational awareness, creativity,
memory retention) and motor skills (dexterity, spatial
awareness) to complete the challenge, attracted educa-
tors’ interest and motivated their adoption in the school
context. Relevant review studies report the successful
integration of such educational activities in both formal
(Makri, Vlachopoulos, and Martina 2021) and informal
(Veldkamp et al. 2020) educational settings.

Returning to their origins, computer-generated ER
have been implemented recently for pedagogical pur-
poses both locally and online across all the educational
levels (Makri, Vlachopoulos, and Martina 2021). Edu-
cational digital escape room games are considered to
be a special genre of Serious Games as they provide an
elaborated example of puzzle-based, playful learning,
aligned to the following dimensions: theme, activities,
narrative, and components (Mystakidis 2021). Escape
rooms are usually positioned within a specific genre or
theme, a common semiotic domain that dictates the
game’s components, aesthetics, and props. A story
around specific characters creates the context of the
mission, the role of the players in it and the array of pro-
blem-based activities and actions that propel active
learning. Educational digital escape room games in
VR environments are considered to be appropriate for
both distance (online) and face-to-face instruction.
This is mainly attributed to the flexibility that instruc-
tional designers have to align the contextual character-
istics of such VR-based experiences to the cognitive
needs and motivational incentives of learners of all
age groups.

Key-findings of indicative empirical studies in
Science education (Ang, Ng, and Liew 2020; Monnot
et al. 2020) have concluded that digital ER have the
potential to help students deepen their understanding
and comprehend complex scientific concepts and pro-
cedures while at the same time recording positive
effects on behavioural, affective, and social skills
(engagement, interest, motivation, satisfaction, collab-
oration). Monnot et al. (2020) developed a website to
emulate an ER experience with riddles on Chemical
Engineering placed in the French revolution era. Results
revealed high levels of satisfaction as students were able
to create tangible connections between theory and its
practical applications. Moreover, they proceeded to
place students as designers of physical ER puzzles.
Ang, Ng, and Liew (2020) created a physical collabora-
tive ER on Chemistry and used Google Forms as vehicle
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to create a digital version for online teaching. Interest-
ingly, the study emphasised the need of immersive
environments for digital ER. As a matter of fact,
although digital ER have been implemented successfully
in various STEM fields, there is a dearth of evidence
from empirical studies in VR-based ER in Science edu-
cation. This scarcity can be attributed to the novelty of
VR and the perceived complexity of designing an ER
as well as on the design and programming skills that
are required for the development of immersive environ-
ments (Pellas, Mystakidis, and Kazanidis 2021). Elford,
Lancaster, and Jones (2021) used an immersive VR
application to allow students to visualise and manip-
ulate chemical molecules in an ER experience. This
affordance led to in-depth discussions around the struc-
tural properties and increased engagement even from
learners with lower interest in the subject.

2.2 Educational digital storytelling

Thomas and Schneider (2018) have mapped the uses of
EDS in the following distinct ways: (a) as a complimen-
tary material to the course books, (b) as a complimen-
tary instructional activity, and (c) as a learning
activity. The added-value of this approach is identified
on the possibility to simulate various situations, that
are difficult to perform in the real-world context, as
well as on its low production cost, as the acquisition
of physical resources is not required (Gawlik-Koby-
lifiska, Walkowiak, and Maciejewski 2020). The inte-
gration of EDS in the classroom setting can support a
wide variety of educational tasks including: (a) intro-
duction of new topics, (b) review, discussion, and reflec-
tion on already explored subjects, and (c) provision of
feedback, when assessment activities are performed.
Besides, machinima videos can reach a wider audience
when registered as open educational resources (Butler
2018).

Despite the potential of this approach to attract lear-
ners’ attention (active participation, engagement, reflec-
tion) and the high expectations that teachers have in
terms of facilitating students’ field knowledge construc-
tion and retention (Karakoyun and Yapici 2016), the
recent systematic review of Wu and Chen (2020)
revealed that empirical works related to EDS have
been mostly conducted in humanities and social
sciences, with only a few examples identified in the
field of science (computing and technology subjects, in
particular). A possible explanation to this may be the
fact that teachers lack the skills and the competencies
required to create such sophisticated experiences (Tiba
et al. 2015). Another noteworthy drawback that hinders
educators’ willingness in integrating this method

concerns the time required to design and develop the
storyline including its actual integration in the class-
room context. In view of these obstacles, Anastasiadis
et al. (2018) developed an authoring tool that blends
the attributes of immersive technologies (Augmented /
Virtual Reality) with storytelling elements and learning
analytics. The platform has been developed in accord-
ance with the needs that STEM educators have, as it pro-
vides fertile ground for the design and development of
scientific inquiry learning activities, with the prelimi-
nary evaluation findings reporting overly positive
results in students’ collaborative problem-solving
competences.

As far as the integration of EDS in biology instruction
is concerned, only a handful of relevant works (Efthi-
miou 2016; Karakoyun and Yapici 2016; Cross 2017)
could be identified of which only one (Mwelwa and
Soko 2020) reports findings from the secondary school
setting. In consideration of the latter, the adoption of
this instructional approach in the classroom context
had significant impact on both students’ achievements
and attitude towards biology. The aforementioned posi-
tive effects are attributed to the inherently vivid nature
that EDS videos have as well as to their potential in
transforming abstract scientific concepts and infor-
mation into understandable and engaging visual narra-
tives. Besides, as follow-up discussions with the
participating students revealed, the adoption of this
method bridged the teacher-student
relationship gap; an essential prerequisite for meaning-
ful learning.

alternative

3. Materials and methods
3.1 Instructional design

Educational digital escape room games can be designed
using a transdisciplinary approach (Arnab and Clarke
2017) wherein pedagogy and gameplay are unified
(Lameras et al. 2017). One method to design such
experiences is the ‘multi-layer template’ where all the
essential dimensions are described and detailed (Clarke
et al. 2017). Another recommendation comes from
Zhang, Lu, and Park (2018) who explored the aspect
of interactivity from the user experience perspective.
According to the authors, the interplay design should
be done carefully to avoid technical pitfalls as well as
in a way that players can build trust and suspend disbe-
liefs. Christopoulos and Sprangers (2021) urge edu-
cational developers to consider carefully the intensity
of gamification, especially when it comes to educational
activities beyond the primary school setting. Under the
term ‘gamification” we define the application of game-



design principles in non-gaming contexts (Arnab et al.
2015). Gamification in education enables educators
and instructional designers to transform the learning
activities — be it in the physical classroom or online -
or even an entire course into a game (Romero-Rodri-
guez, Ramirez-Montoya, and Gonzalez 2019). In view
of these, we introduced gamification elements only in
the gameplay, as recommended by Pellas, Mystakidis,
and Christopoulos (2021), whereas, the visual represen-
tations are replicas of the equipment used in the
laboratories.

The implementation of the above was done in collab-
oration with a biology educationalist who facilitated the
procedures. The produced experience is an open edu-
cational resource for biology with a theme and a story
related to the subject of enzymes. The general objective
of the VRER is to assist students in building a mental
model around the ways enzymes operate under different
conditions and circumstances. The key educational
objectives emerged from the -curriculum-specified
intended learning outcomes (Table 1) which are: (a) to
help learners establish the necessity of enzymes and
the role that catalysts play during the biochemical reac-
tions and (b) to enable them comprehend how enzymes
function. Moreover, learners were expected to develop a
‘cause-and-effect’ model related to biochemistry sub-
stances (enzymes) and the factors that impact their reac-
tion speed.

For the technical development of the VRER the fol-
lowing decisions and respective actions were made.
The multimedia elements and the gameplay mechanics
were designed and developed using the Amazon
Sumerian platform. The main reasons for choosing
this development kit were the wide variety of content
creation and animation tools that are natively offered
to the developers as well as the cross-platform (Win-
dows, 108, Android) compatibility support it offers for
the distribution of the produced product. The afore-
mentioned elements make the creation of such experi-
ences easily attainable, also from non-technically
oriented individuals, such as the secondary school tea-

chers. The second requirement taken into
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consideration was the time-pressure that the class-
room timetable naturally applies. To overcome this
obstacle, we had to ensure that the compiled experi-
ence would be immediately available to the students.
For this reason, the Amazon Web Service ‘Amazon
CloudFront’ was utilised. As a cloud service it enables
developers to store the VR assets (3D scenes, anima-
tions, scripted interaction, special effects) online so
that the VR environment can later be loaded directly
into any WebVR-compatible browser (Google
Chrome, Firefox, Microsoft Edge). The next require-
ment concerned the cost efficiency. In contrast to
the added financial cost that is incurred for the acqui-
sition of specialised equipment - such as headsets and
handheld devices — when immersive-VR experiences
are conducted, the present experience was communi-
cated under the ‘Bring Your Own Device’ model. In
simple terms, participating students could engage
with the learning activities using either their personal
computers or portable devices. For this reason, we
ensured that all the interplay mechanics can be per-
formed using either a computer mouse/touchpad (lap-
tops) or the touchscreen (tablets). The final decision
concerned the player setting (single player versus mul-
tiplayer). Although we acknowledge that ER are
designed with the collaborative element in mind,
adopting such an approach in the present study
would have introduced uncontrolled bias (e.g. lack
of equal engagement or participation across the team
members). For this reason, the experience was deliv-
ered deliberately as a single player activity.
Concerning the design elements, the VRER features
multiple gameplay levels (Figure 1) which include
brief but linear challenges (Table 2) that need to be
solved prior to proceeding to the next level. In the
first level, players are introduced to the game objectives
and gameplay mechanics. Accordingly, they collect keys
that unlock basic theoretical information about
enzymes. Information is presented in both readable
(written text) and auditory narration form in line with
the theory of Multimedia Learning (Mayer 2002). In
the final stage, players are presented with a series of

Table 1. Connection of the intended learning objectives and outcomes with the instructional design decisions.

Bloom’s

Taxonomy Intended Learning Objectives Instructional Design Intended Learning Outcome

Know Recognise the structural elements of Experimental puzzle Relate the fact that enzymes are proteins.
enzymes.

Comprehend Identify which functions of enzymes are Experimental puzzle Associate the impact that the alteration of pH and temperature
affected by other factors. have on the functions of the enzymes.

Apply Formulate different enzyme structures. Simulation/Metaphoric  Distinguish the different enzyme structures by matching the

puzzle different shapes.
Analyse Interpret the observable changes when the  Simulation/Metaphoric ~ Explore how catalysts affect the biochemical decomposition

activation energy alters. puzzle

reaction time.
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Figure 1. Upper frames: interactive puzzles. Lower frame: content presentation of the VRER.

Table 2. Breakdown of the instructional design features of the VRER.

Approach /
Phase Cognitive Outcome Rationale Methods / Tools
Introduction  Removing technological barriers, understanding gameplay. Technology Informative panels
Acceptance
Exposition Presenting main facts and principles around the function on Multimedia Theory  Artefact collection Text and audio narration
enzymes.
Application  Four levels, realistic challenges of increasing complexity related to  Problem-Based Tactile manipulation of virtual instruments and

aspects of enzymes operation.

Learning objects Puzzle solving

puzzles requiring them to apply the obtained infor-
mation. Puzzles have been implemented in two ways;
namely experimental and metaphoric. Experimental
puzzles provide a realistic manipulation of equipment
and digital objects. On the other hand, simulated meta-
phoric puzzles, provide visual equivalents as central
vehicles for meaning-making, sophisticated reflection,
and critical thinking (Mystakidis et al. 2021). Upon
completion of each puzzle, players uncover a clue or
an object that helps them advance to the next challenge
in an adjacent virtual space.

Following completion of the developmental process,
a machinima instructional video was rendered in line

with the recommendations made by Lambert (2010)
for digital storytelling design (integration of emotional
content, inclusion of noticeable questions, incorpor-
ation of background music or narration audio, pacing
of event changes).

3.2 Educational setting

In line with the principles of the convenience sampling
approach (Cohen, Manion, and Morrison 2018), pro-
spect participants were sought from a local upper-sec-
ondary school which, coincidentally, emphasises in
subjects related to STEM education. While considering



the experimental nature of the study as well as the rel-
evance of the subject under investigation (enzymes)
against the curricula structure for each grade, it was
deemed wiser to invite students only from the entry/
middle grades. Students from the final grade were not
considered also out of an abundance of respect to
their preparation efforts for the university-entry exams.

Students who expressed their wish to partake in the
study were following the Applied Sciences academic
path. In view of this, we can assume that the target
group had an inherent interest (intrinsic motivation)
toward the so-called ‘hard sciences’. Although partici-
pation to the study was voluntary, the educator in
charge agreed to elevate the assignments (homework)
of this particular topic, as a means of compensation to
students’ time for participating in the study (applicable
only to 10th grade students). Considering this, a positive
boost on participants’ extrinsic motivation, may as well
be assumed.

3.3 Participants

The experiment took place at the school environment,
during school hours. The intervention was pre-
authorised from the school head whereas, the guardians
of those students (N = 57) who expressed interest in par-
ticipating were informed in writing about the nature of
the study as well as the experimental procedures that
were to be followed. Prospect participants counter-
signed an informed consent document prior to enga-
ging in any research-related activities. However, not
all the participants completed the required tasks and
were, thus, excluded from the study. The final sample
consists of fifty (50) students stemming from both the
10th (N=24) and the 11th (N =26) school grades.

3.4 Research design

The primary aims of both instructional approaches
(EDS, VR) were similar: (a) to enhance learning of a
specific biology subject, (b) to motivate students learn
a new topic, and (c) to facilitate students’ critical think-
ing skills. On a secondary level, we were able to: (a)
examine the integration of alternative instructional
approaches in the physical classroom setting, and (b)
explore the impact of diverse digital instruction
methods on knowledge acquisition and retention as
well as on the perceived value of the learning experience.
The research-related activities were conducted over the
course of five classroom sessions across the time-span of
eight calendar weeks. The research design is illustrated
in Figure 2 and detailed in Table 3.
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For the conduct of the intervention, the two non-
equivalent groups design approach with repeated
measurements, as recommended by Cohen, Manion,
and Morrison (2018), was followed. The initial plan
was to divide students in groups at classroom level.
However, in an effort to eliminate the sample distri-
bution bias, the non-randomised sample method, as
described by Shadish, Cook, and Campbell (2002), was
deemed more appropriate. To achieve this goal, partici-
pants filled in a personal background survey (Appendix
1) during the first stage of the study. After analysing the
responses, they were assigned to one of the experimental
groups (Group 1: EDS video; Group 2: VR experience)
based on the answers provided regarding their: (a) gen-
der, (b) experience with digital learning resources (edu-
cational videos / VR applications), and (c) English
capacity (self-reported). Based on the anecdotal conver-
sations, none of the participants had prior experience
with VRER; be it for leisure or educational purposes.

To demonstrate our appreciation over students’ will-
ingness to support this initiative, the principal
researcher delivered a short lecture related to the inte-
gration of emerging technologies (interactive books,
360° videos, Virtual/Augmented Reality) in the school
setting. During the same session, the classroom teacher
primed students with some key-information about the
subject under investigation.

For the conduct of the learning activity, students from
the VR group were gathered together and the researcher
performed a short demonstration related to the gameplay
of the ER. At the same time, the EDS group engaged with
the machinima learning resource. Contrary to the funda-
mental element of ER (i.e. time pressure), no time restric-
tions were applied in this intervention; in fact, students
from both groups were encouraged to interact with the
digital learning resources for as long as deemed necess-
ary. Therefore, the impact effect between the employed
instructional methods derived only from their nature
(active versus passive learning). Following completion
of the learning activity, a debriefing session was held
between the teacher/principal researcher and the students
discussing the subject under investigation and the poten-
tial of each instructional approach.

The final stage included the knowledge acquisition
and retention assessments as well as the evaluation of
the learning experience. To eliminate the impact of
the ‘short-term memory effect’ (All, Castellar, and Van
Looy 2016), the posttest was performed one week
later. At the same session, students were requested to
fill in a psychometric survey related to their learning
experience (Makransky and Lilleholt 2018). The delayed
posttests were conducted four weeks later as rec-
ommended by Brown, Irving, and Keegan (2008).
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Literature Review

Delayed Assessment

Research Design

Research Méféﬁais & Technicélrﬂéverlnpment '

Research Questions

Intervention

Edutech

~ Student Grouping Lectures Enzymes

Experience Survey  Conclusive Assessment  Virtual Reality / Machinima l Learning Activity

Figure 2. Overview of the research design.

Table 3. Overview of the research procedures.

Week

Procedures

Operations

Research design

Introductory
session

Grouping

Lecture

Presentation

Learning activity

Reflection activity

Posttest

Questionnaire
Delayed posttest

Literature review on studies evaluating instructional practices in biology education with particular focus on the secondary school
level. Identification of the open research gaps and generation of the research questions.

Design of the research procedures (i.e. identification of appropriate data collection methods and materials). Design and
development of the Virtual Reality biology escape room / machinima instructional video.

The principal researcher was introduced to the participants by the classroom teacher. Following a brief self-presentation, students
were informed about the purpose of the visit and the nature of the experimental study. Accordingly, they were requested to: (a)
counter sign a consent form, (b) complete the pre-intervention survey (demographics and background information), and (c)
undertake the knowledge quiz (independently). This activity lasted approximately 15 min per visit paid to each cohort.

Students were assigned in one of the two groups based on the responses provided regarding their gender, experience with
digital learning resources (educational videos / Virtual Reality applications), and English capacity (self-reported).

A brief session related to different innovative technologies (interactive books, 360° videos, Virtual/Augmented Reality) and their
potential in education was given to all students as a compensation for their willingness to participate in this study. This activity
lasted approximately 20 min.

Students were given a brief presentation about the subject under investigation (enzymes) from the class teacher. This activity
lasted approximately 15 min.

The researcher performed a brief demonstration to the Virtual Reality cohort related to the gameplay mechanics. At the same
time, the EDS group was allowed to engage with the machinima resource. No time limit was applied; students were able to play
the game / replay the video for as long as they wished.

The classroom teacher and the researcher supervising the process were at students’ disposal during this process. These activities
lasted approximately 25 min, for the VR group, and 15 min, for the EDS group, respectively.

Students from both groups were encouraged to reflect on the learning activity. An informal discussion was held between the
students and the classroom teacher/researcher regarding the pros and the cons of each instructional method. This activity
lasted approximately 15 min.

Students were requested to complete the same test used for the pretest. The order of the questions/items has been altered to
prevent memorisation of answers. This activity lasted approximately 10 min.

Students were requested to complete the learning experience psychometric survey. This activity lasted approximately 15 min.

Students were requested to complete the same test used for the pretest/posttest. The order of the questions/items has been
altered to prevent memorisation of answers. This activity lasted approximately 15 min.
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Table 4. Overview of the constructs of the adopted psychometric instrument (Makransky and Lilleholt 2018).

Cronbach’s
Constructs Explanation Item Example Items a
(C1) Enjoyment ‘Perceived enjoyment is the degree to which a student finds a ‘| find watching educational videos / 3 .90
virtual environment pleasant, fun, and enjoyable’ interacting with Virtual Reality simulations
‘VR fosters a higher level of immersion than standard media, enjoyable’
which in turn could facilitate learning through positive
emotions such as enjoyment’.
(C2) Motivation ‘There is limited empirical evidence of the affective value of VR,  This educational video / Virtual Reality 7 91
and even less research that investigates the psychological Escape Room was boring'.
process by which immersion impacts students’ interest and
motivation in the learning process’
‘Understanding the underlying mechanisms that impact
learners’ perceptions and motivations can guide the optimal
development of VR learning simulations’.
(C3) Cognitive ‘Cognitive benefits are described as improved understanding and  ‘Educational videos / Virtual Reality 4 .83
benefits application as well as a more positive perception of the learned applications help me to better analyse the
material’. problems’.
‘Cognitive factors, such as the appraisal of cognitive benefits
and the amount of control or autonomy, also play an important
role in the learning process’
(C4) Learning ‘Perceived learning represents the degree to which the student ‘I learned a lot of factual information in the 8 .83
effectiveness perceives the simulation as educational’. topics’.
‘Research into the effectiveness of using VR in education has
been inconclusive’.
(C5) Satisfaction  “Intrinsic motivation is defined as performing an action for the ‘A wide variety of learning materials was 7 .87

inherent satisfaction of the performance itself'.

‘Satisfaction refers to the degree to which the student finds the

simulation satisfactory’.

provided in this educational video / Virtual
Reality escape room".

3.5 Instruments

To investigate the impact of the integrated instructional
approaches on students’ academic performance and
gauge the differences on the learning experience, we
adopted a quantitative approach. To measure partici-
pants’ academic performance, a small set of multiple-
choice questions (Appendix 2) was prepared by the
biology teacher who supported this initiative. The quiz
items (10) emerged after carefully scrutinising the mul-
timedia content and further consulting the schoolbook.
This allowed us to ensure that the whole spectrum of
knowledge that students could acquire during the train-
ing process would be assessed both adequately and
sufficiently. To facilitate the comparison process
(repeated measurements) the same evaluation content
was used across all the stages (pretest, posttest, delayed
posttest), but in different order, as a precaution to the
‘same-set’ response effect (Sanchez 1992).

As for the learning experience, we adopted and
adjusted the psychometric instrument developed by
Makransky and Lilleholt (2018). According to the
authors, the instrument has been specifically designed
for and validated in studies that employ VR applications
for subjects akin to the STEM education fields. In total,
29 items, distributed across five constructs (C1-C5),
were relevant to the context of the present study (Appen-
dix 3). To mitigate the impact of the language barrier, the
data-collection items were translated to participants’
native language by language professionals (back-

translation method). Participants provided their
responses, on a five-point Likert scale (5: ‘Strongly
Agree’ to 1: ‘Strongly Disagree’), anonymously (Table 4).

To facilitate the conduct of the study, a custom
course was created in the Learning Management System
that the school generally utilises. Participating students
undertook the tests without, however, receiving any
feedback on their performance (be it overall or in
specific items) at the end of each assessment. Besides,
in consideration of the experimental nature of the
study, the performance results of these custom

Table 5. Descriptive statistics for the demographic and
background data.

Virtual
Machinima Reality
Statistic n Percent N Percent
Gender Males 12 48.0% 11 44.0%
Females 13 520% 14 56.0%
Age 16 years old 13 520% 11 44.0%
17 years old 12 48.0% 14 56.0%
English Level Intermediate 6 24.0% 6 24.0%
Advanced 13 520% 16 64.0%
Proficient 6  24.0% 3 120%
Use of Digital Learning  Slightly familiar 8 32.0% 9  36.0%
Resources Somewhat 14 56.0% 16 64.0%
familiar
Moderately 3 12.0% 0 0.0%
familiar

Interest in Biology Slightly interested 5  20.0% 5  20.0%
Somewhat 14 56.0% 12 48.0%

interested
Moderately 6 24.0% 8 32.0%

interested
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Table 6. Descriptive statistics for the academic performance.

Machinima Virtual Reality
Statistic Pretest Posttest Delayed Posttest Pretest Posttest Delayed Posttest
M .36 49 A4 34 57 46
Mdn 40 .50 40 30 .50 40
Std. dev. Al A2 Nl . A3 A2
Skewness —.48 .53 .70 .28 78 2.24
Kurtosis =17 73 -12 81 A7 743
Cronbach’s a 79 75 72 .85 74 78
Shapiro-Wilk W 90 87 86 91 .90 73
p .021 .004 .003 .048 021 <.01

Note: To ease the presentation of the results, the scores have been scaled (min =0, max=1).

assessments were not accounted toward the partici-
pants’ final course grade.

3.6 Data analysis

The R programming language was used to analyse the pri-
mary data and a significance level of p < .05 was adopted.
The datasets were preliminary explored via descriptive
statistics. Accordingly, Cronbach’s alpha was calculated
to examine the reliability of the quiz items across each
cohort as well as that of the educational experience instru-
ment subscales. To determine which tests to use to analyse
academic performance the Shapiro-Wilk test of normality
was performed wherein skewness and kurtosis were exam-
ined (Orcan 2020). Given that the data were not normally
distributed as well as the small sample size, nonparametric
tests were adopted.

Specifically, a Mann-Whitney U test was used to
determine differences in academic performance by gen-
der, whereas Spearman’s Coefficient of Rank Corre-
lation (rho) was used to identify any relationships
between the remaining demographic characteristics
and academic performance at each administration of
the quiz (Oti, Olusola, and Esemokumo 2021). The lat-
ter is a non-parametric, rank-based, measure that is a
good option when ties (i.e. equal scores) are presented
in the data (Puth, Neuhiuser, and Ruxton 2015). A Wil-
coxon Signed Rank test was used to determine differ-
ences from pretest to posttest, posttest to delayed
posttest, and pretest to delayed posttest for each
group. In case of statistical significance, Cohen’s d was
calculated to measure effect size (Sawilowsky 2009).

Finally, a Mann-Whitney U test was used to deter-
mine differences in academic performance between
groups (EDS; VR) at pretest, posttest, and delayed postt-
est. Concerning the impact of each instructional
approach on the educational experience, Kruskal-
Wallis H tests were used to determine differences by
group, since the data were ordinal and the study
employed a small sample. Differences were determined
by each subscale of the instrument.

4. Results
4.1 Demographics

The distributions were fairly similar for both groups.
There were approximately equal numbers of boys and
girls. Likewise, an almost equal variation was achieved
in both groups regarding participants’ age. Most stu-
dents had an intermediate English level and were some-
what interested in digital learning tools. Most students
were somewhat interested in biology, despite the
assumption that interest would be high due to voluntary
participation and the greater inclination students in this
particular school have as far as the STEM education
fields are concerned. In relative terms, there were
more students in the EDS group with proficient levels
of English, as well as students who were moderately
familiar with the use of digital learning tools (which
were not present at all in the VR group). However,
these are quite small groups and in absolute terms the
differences are only 3 students. Table 5 shows the demo-
graphic and background data for each group.

4.2 Academic performance

The quiz utilised shows adequate to good internal con-
sistency at all time points and for both groups (Table 6).
However, the scores are not normally distributed, as evi-
denced by the significant effects on the Shapiro-Wilk
tests. The distributions seem fairly symmetrical, except
for the delayed post-test in the VR condition, where
there is clearly positive skewness. Although most kurto-
sis values seem close to zero, the distribution in the
machinima condition is somewhat more platykurtic
(flatter with thinner tails), yet the distribution in the
VR condition is more leptokurtic (has a higher peak
and taller tails), especially at the delayed post-test.
Mann-Whitney U tests were performed to test for
gender differences in performance. Boys and girls
showed equal test performance at the pretest (U= 58,
z=1.132, p =.257), posttest (U= 61, z=.965, p =.334),
and delayed post-test (U=61.5, z=.958, p=.338) in
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Table 7. Correlations between academic performance, demographics and background information.

Machinima Virtual Reality

Statistic Pretest Posttest Delayed Posttest Pretest Posttest Delayed Posttest
Age 22 42% 34 .02 —.25 -35
Grade .02 =17 —-.07 —.06 19 14
English -19 —.28 -27 A2 —.01 —.02
Familiarity —.08 =12 -07 —.14 —.07 —.08
Interest .18 14 03 20 46* 30

* p<.05.

the machinima condition. Similarly, in the VR con-
dition, boys and girls showed equal performance at
the pre-test (U=72, z=.29, p=.771), post-test (U=
51.5, z=1.445, p=.148), and delayed post-test (U =58,
z=1.136, p=.255). This indicates that boys and girls
did not differ on prior performance and that the
effects of the two types of instructional methods had a
similar effect for boys and girls.

Table 7 shows the Spearman rho correlations
between the background variables and performance by
group for each of the three measurement occasions.
At the immediate post-intervention measurement,
there was a positive effect of age on performance within
the machinima condition (p = .42, p =.035). This indi-
cates that students within this condition generally
showed more short-term learning effect the older they
were. On the other hand, in the VR condition, there
was a positive effect of interest on the immediate post-
intervention measurement (p=.46, p=.020). This
makes it clear that the short-term learning effect was
greater the more interested students were in digital
learning tools.

Group B Machinime B Virual Reaity

r

0.00

Pre Post Delayed

Figure 3. Comparison of participants’ pretest, posttest, and
delayed posttest performance.

As would be expected, there is an increase in the
averages at the post-measurements compared to the
pre-measurements. The Wilcoxon Signed Rank test
was used to determine if there were significant differ-
ences in performance at the three measurement points.
Since a condition effect was expected, this was done sep-
arately for both conditions (Figure 3).

Within the machinima condition, students’ perform-
ance improved at the posttest compared to the pretest
(z=—3.84, p <.001, d = 1.13), but at the delayed posttest
the performances became somewhat worse compared to
the direct posttest (z= 2.80, p<.001, d=.37). The
scores at the delayed posttest nevertheless still showed
an improvement compared to the pretest (z=—3.00, p
<.001, d = .81). In the VR condition, a similar pattern
was found. Again, the performance improved at the
posttest compared to the pretest (z= —4.106, p <.001,
d =1.95), but then deteriorated at the delayed posttest
compared to the direct posttest (z=3.82, p<.05, d
=.90). Compared to the pretest, there was still a strong
improvement in scores on the delayed posttest (z=
—3.37, p<.05, d=1.05).

In order to compare the performance between the
two conditions, Mann-Whitney U tests were carried
out. There were no significant differences between the
two conditions at the pretest (U=269, z=.882, p
=.377). However, a significant difference was identified
on students’ performance at the posttest (U=203, z=
—2.19, p = .028) with a medium effect size and in favour
of the VR group (d =.31). At the delayed posttest, the
students showed, once more, similar performance (U
=296, z=-.345, p=.730). Thus, even though there
was a stronger learning effect for the students in the
VR condition, immediately after the learning phase,
the positive, longer-term learning effect was similar in
both conditions.

4.3. Learning experience

All subscales had satisfactory to good reliability (Table
8). Kruskal-Wallis H tests were carried out to examine
if there were any significant differences between the two
conditions. Significant differences were identified in
three out of the five constructs. In greater detail,
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Table 8. Descriptive statistics for the learning experience survey.

Construct Group Min Max M Med Std. Dev. Cronbach’s a
(C1) Enjoyment* Machinima 2 5 3.39 3 59 .83
Virtual Reality 2 5 3.61 4 71 g7
(C2) Motivation* Machinima 1 5 345 3 98 82
Virtual Reality 2 5 3.67 4 76 78
(C3) Cognitive benefits Machinima 2 5 3.50 3 78 .80
Virtual Reality 2 5 3.65 4 77 84
(C4) Learning effectiveness Machinima 1 5 3.49 3 97 85
Virtual Reality 2 5 3.62 4 73 .80
(C5) Satisfaction® Machinima 1 5 3.21 3 97 .82
Virtual Reality 1 5 3.38 4 99 82

Note: *Significant difference between the conditions at p <.05 as indicated by the Kruskal-Wallis H tests.

students in the VR condition (Mdn=4) reported a
greater degree of enjoyment while playing the VRER
as opposed to their counterparts (Mdn = 3) who simply
observed the machinima video (H = 4.06, xz(l) =3.302,
p=.043). An even stronger difference was identified
on participant’s motivation for learning (H =5.509,
Xz(l) =4.913, p=.018), with the students in the VR con-
dition (Mdn =4) providing, once again, more positive
feedback as opposed to the machinima cohort (Mdn =
3). Finally, a difference was also identified in partici-
pants’ learning satisfaction (H=4.112, xz(l) =3.677, p
=.042). Students in the VR condition were again more
positive (Mdn = 4) compared to students in the machi-
nima condition (Mdn = 3). No further differences were
found. In other words, the perceived cognitive benefits
and learning effectiveness were similar for students in
the machinima and the VR condition (H=1.869,
x*(1)=1.608, p=.171 and H=2.510, y*(1)=2218, p
=.113). These results indicate that students have similar
experiences when it comes to the learning effect in both
conditions, which is consistent with their actual longer-
term performance, but that had more positive affective
experience in the VR condition, which is reflected in
enjoyment, motivation, and satisfaction.

5. Discussion
5.1 Empirical contribution

The main argument put forward in this study chal-
lenged the inadequacy of the traditional, teacher-cen-
tered, instructional approach to facilitate deep and
meaningful learning (Xu, Ye, and Wang 2021). Like-
wise, the scarcity identified in the international litera-
ture regarding the limited Technology-Enhanced
Learning efforts to support and facilitate the didactic
of biology - especially in the secondary school level
(Adita, Nugraheni, and Srisawasdi 2020; Gawlik-Koby-
linska, Walkowiak, and Maciejewski 2020) — motivated
further the conduct of such intervention.

The novelty of the proposed approach goes beyond
the instructional design elements that typical Science
simulators usually present wherein educators and lear-
ners perform predefined tasks and observe the outcomes
of their actions (c.f., Pirker et al. 2018). In view of these,
we proposed, designed, and developed an alternative
instructional experience — mediated via VR and framed
within an ER - and further enlisted and outlined the
steps followed to achieve this outcome. This is effec-
tively the first contribution of the present work in the
field of instructional science. Another sign of innovation
concerns the conduct of the VR-supported activities to
the school context (Reeves and Crippen 2021) as
opposed to extending the classroom setting to a
Mixed-Reality laboratory; a practice which is common
in such studies (Pellas, Mystakidis, and Kazanidis 2021).

While considering the fundamentally diverse didactic
methods that have been generally adopted in Science-
related subjects (active versus passive learning), we
introduced an instructional approach which combines
and integrates elements that learners are conceptually
and practically familiar with (i.e. interaction with repli-
cas of laboratory equipment, learning from an instruc-
tional video). Accordingly, we sought to identify any
substantial differences between the academic perform-
ance of participants who followed the active learning
instruction, as opposed to their counterparts who fol-
lowed the passive learning method, on near and far
transfer assessments. To contextualise the findings
related to academic performance, we also explored the
most notable differences between the perceived edu-
cational value of each experience across the two groups.

The academic performance of both groups improved
after the intervention, recording a strong improvement
in the direct and delayed posttest, a phenomenon
reported also in the literature (Lathwesen and Belova
2021; Makri, Vlachopoulos, and Martina 2021). How-
ever, the VR group significantly outperformed the
EDS group in the immediate posttest, administered
one week after the intervention, but this effect deterio-
rated in the delayed posttest at the four-week mark.



As for the reason of these outcomes, it can be assumed
that the relatively short duration of the intervention as
well as the limited number of exercises that learners per-
formed withheld the opportunity for spaced practice
and repetition to enhance retention. An alternative
explanation comes from Gligora Markovi¢, Plantak
Vukovac, and Klicek (2015) who have correlated the
quality of the multimedia instructional materials with
knowledge acquisition. Transferring their findings to
the present study, it can be argued that the VR experi-
ence was of higher quality, when compared to the
video learning resource. Under this consideration, the
knowledge-level difference gap observed in the short-
term assessment becomes more justifiable. In either
case, an agreement across both studies is identified
with regard to the gradual and proportional decrease
in the long-term knowledge retention, regardless of
the multimedia instructional methods utilised or their
quality. Finally, the learning gains were influenced by
students’ interest in the used technological medium, a
conclusion which is also in agreement with the findings
that Lathwesen and Belova (2021) draw, but not their
gender, an outcome which opposes the findings that
Makransky, Wismer, and Mayer (2019) report.

In terms of learning experience evaluation, students
rated the VR experience in a more positive way across
all five psychometric dimensions. Significant differences
were noted in favour of the VR group in the affective
dimensions of enjoyment, satisfaction, and learning
According to Chittaro and Buttussi
(2015), interactive and non-interactive instructional
methods — which are equally vivid in terms of visual
and auditory elements — have similar impact on lear-
ners’ outcomes and emotions. The authors of the pre-
sent study believe that both multimedia resources
were equally evocative, especially after considering
that the machinima video contained the actual VR
experience. Therefore, a possible explanation to the dis-
tinction identified in the affective dimensions can be
given after accounting the role that the instructional
approaches (i.e. active learning versus passive learning)
played in the perceived experience (Pereira-Santos, Pru-
déncio, and de Carvalho 2019). In other words, the posi-
tive attitude that participants maintained over the VR
supported instructional approach may as well be due
to the fact that they were actively engaged with the
experience (Huang et al. 2021). These findings can
also be grounded to well-established theories — such as
the Cognitive Theory of Multimedia Learning (Mayer
2014) or the interest theory (Harackiewicz, Smith, and
Priniski 2016) - which distinguish the impact that
diverse interactive media have on motivation, engage-
ment, and performance. Elford, Lancaster, and Jones

motivation.
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(2021) attribute the added value that VR brings in edu-
cation to its ludic nature. According to the authors, this
affective amplification was in fact stronger in students
who reported lower levels of interest in the studied sub-
jects. Indeed, the impact that motivation enhancement
had on participants’ academic performance improve-
ment is also in agreement with the findings that
Makri, Vlachopoulos, and Martina (2021) report.
Nevertheless, the perceived cognitive benefits and learn-
ing effectiveness were similar in both conditions, as
confirmed by the delayed academic achievement
measures.

5.2 Implications

Notwithstanding the technology selection, the role of
educators is to orchestrate situations and experiences
for students to construct their own meaning through
active engagement with content rather than transmit
packaged information or promote rote learning.
Hence, attracting teachers’ interest and curiosity to
experiment with educational technology is the prime
goal. For this purpose, access to techno-pedagogical
competences’ training and technical support are equally
important, particularly for the majority of teachers who
possess no programming skills, as Christopoulos and
Sprangers (2021) also recommend.

The incorporation of immersive technologies,
enriched with gamification elements, in education can
ineradicably increase students’ curiosity and engage-
ment by triggering their intrinsic motivation and inter-
est in the studied subject. However, researchers and
instructional designers who consider ER as a substitute
supplementary learning resource need to place special
attention on the alignment of gameful dimensions
(e.g. narrative, theme, player actions, problems/puzzles,
environment aesthetics) with the subject matter and the
intended learning outcomes to optimise learners’ enjoy-
ment and cognitive achievement. Indicatively, a success-
ful alignment is exhibited in Monnot et al. (2020) where
chemistry laboratory procedures are integrated seam-
lessly into the escape room’s narrative and puzzles
around a historical figure’s scientific contribution.

Another implication is the dawn of the democratisa-
tion of ER creation; the introduction of a new avenue for
exploration where high visual fidelity of the 3D environ-
ment is no longer the prime driver. Instead, lower
fidelity environments, with high task interactivity and
intuitiveness can be equally - if not more - effective
for learning. Thus, cognitive and affective gains can be
attained with a lower effort and in a faster pace through
WebXR (cloud-based Virtual/Augmented Reality plat-
forms). For this direction, the exploration of metaphoric
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visual elements and simulated game mechanics is rec-
ommended. Metaphors encourage better visualisation
and deeper comprehension in education (Mystakidis
et al. 2021). In the present VRER this was implemented
through representational analogies.

6. Limitations and future directions

As with every research work, the limits of the present
study provide recommendations for future research
and development. The first barrier concerns the exper-
imental and exploratory nature of the study which pre-
vented us from recruiting a large number of
participants. This impacts the validity of the results out-
side the context in which the intervention took place
(i.e. school environment, country). However, the
described VRER is registered as open educational
resource and thus, researchers and educators are highly
recommended to explore its application and potential in
multiple settings, with larger samples, and in different
scientific contexts.

Moreover, research works related to the integration
of alternative instructional solutions usually report the
impact that the so-called ‘novelty effect’ may have had
on the observed outcomes. During the execution
phase, every possible action was taken to mitigate this
effect. However, a variable that has not been accounted
for concerns the long-term use of technological (learn-
ing) resources, as reiterated since the emergence of the
COVID-19 pandemic. In view of this, future studies
can also explore the impact that the recent, continuous,
and systematic use of (educational) technology has on
learners, prior to evaluating new educational technology
platforms or tools.

The study employed a single data collection method
(quantitative) wherein both objective (performance)
and subjective (psychometrics) data were collected.
Although this is the most common approach to evaluate
such interventions (Checa and Bustillo 2020), future
works can consider the adoption of mixed-methods
research designs or the integration of Learning Ana-
lytics to facilitate the collection of objective data (such
as digital traces) in a more consistent and systematic
way. The complimentary integration of such methods
can support further the development of clearer under-
standing, especially with regard to the instructional
design and gameplay elements.

Finally, although not a limitation, another frontier
for future research is the development of ER in standa-
lone and interconnected social VR platforms (Meta-
verse) where multiple geographically dispersed
learners will be able to communicate and operate simul-
taneously in the shared virtual environment.
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Appendices

Appendix 1. Demographics and background information.
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Please identify your gender.
Please specify your age group. (@

Please determine your English level.

Please determine your familiarity with Video Learning
Resources / Virtual Reality.

Please determine your interest toward Biology.

A wN =

o

interested(e) Extremely interested

(a) Male(b) Female(c) Other(d) Prefer to not answer
) 16 years old(b) 17 years old(c) Other, please specify
Please specify your school grade. (a) Grade 10(b) Grade 11
(a) Beginner(b) Intermediate(c) Advanced(d) Proficient
(a) Not at all familiar(b) Slightly familiar(c) Somewhat familiar(d) Moderately familiar(e)
Extremely familiar
(a) Not at all interested(b) Slightly interested(c) Moderately interested(d) Very

Appendix 2. Knowledge assessment quiz questions.

Q1. Which of the following best A. CarbohydrateB. CatalystC. LipidsD.
describes enzymes in the human Nucleic acid
body?

Q2. Why is the activity of enzymes
often described by the word pair lock
& key?

A. Because the enzyme acts as a key in the
cellB. Because the inhibitor acts as a key
to the enzymeC. Because enzymes are
specialisedD. Because the enzyme closes

Q6. The sucrase enzyme
is added to water and
sucrose. What is
happening?

Q7. How do enzymes
accelerate chemical
reactions?

A. Sucrose decomposes e.g. glucoseB.
Sucrose decomposes e.g. glucose and
fructoseC. Sucrose decomposes into
sucroseD. Nothing

A. The substances they produce degrade
substances more quicklyB. They
calculate the amount of energy
needed for the reactionC. They raise

the cell membrane

Q3. Indicators are substances whose
colour changes can be used to
determine which substances are
involved. What do you find if you add
biuret solution?

Q4. To which category do enzymes
belong?

Lipids

A. CarbohydratesB. LipidsC. Nucleic
acidsD. Proteins

Q5. Which enzyme deficiency causes
lactose intolerance?

A. StarchB. Nucleic acidsC. ProteinsD.

A. LactaseB. LipaseC. LactoseD. Liposis

the temperature to a very high levelD.
They produce a very acidic environment

A. They control metabolismB. They slow
down the breakdown of substances in
cellsC. They speed up metabolismD.
They carry substances in and out of the
cell

A. Destroys themB. Kills themC. Denatures
themD. Enhances them

Q8. How can the
biochemical role of
enzymes best be
explained?

Q9. What affect does
extremely high pH
have on enzymes?

Q10. Which of these
statements about
enzymes is true?

A. They work best at low pHB. The work
best at high pHC. Temperature does not
affect their activityD. They can be
reused

Appendix 3. Learning experience psychometric survey (adjusted).

Group Machinima Virtual Reality

Cl. Perceived Enjoyment

S1 | find watching educational videos enjoyable. | find using Virtual Reality educational applications enjoyable.

S2 Watching educational videos is pleasant. Using Virtual Reality educational applications is pleasant.

S3 Watching educational videos is fun. | have fun using Virtual Reality educational applications.

C2. Motivation

S4 | enjoy learning from educational videos very much. | enjoy interacting with Virtual Reality educational applications very much.

S5 Educational videos are fun to watch. Virtual Reality educational activities are fun to do.

S6 This educational video was boring. This Virtual Reality escape room was boring.

S7 This educational video did not hold my attention at all. This Virtual Reality escape room did not hold my attention at all.

S8 | would describe this educational video as useful source of | would describe this Virtual Reality escape room as useful source of
information. information.

S9 | thought that the educational video was quite enjoyable. | thought that the Virtual Reality escape room was quite enjoyable.

S10 While | was watching the educational video, | was thinking about how  While | was playing the Virtual Reality escape room, | was thinking about

much | enjoyed it.
C3. Cognitive Benefits

S11 Educational videos make the comprehension easier.

S12 Educational videos make the memorisation easier.

S13 Educational videos help me to better apply what was learned.
S14 Educational videos help me to better analyze the problems.

C4. Perceived Learning

S15 | was more interested to learn the topics.

S16 | learned a lot of factual information in the topics.

S17 | gained a good understanding of the basic concepts of the enzymes/
catalysts.

S18 | learned to identify the main and important issues of the topics.

S19 | was interested and stimulated to learn more.

S20 | was able to summarise and concluded what | learned.

how much | enjoyed it.

Virtual Reality educational applications make the comprehension easier.

Virtual Reality educational applications make the memorisation easier.

Virtual Reality educational applications help me to better apply what was
learned.

Virtual Reality educational applications help me to better analyse the
problems.

| was more interested to learn the topics.

| learned a lot of factual information in the topics.

| gained a good understanding of the basic concepts of the enzymes/
catalysts.

| learned to identify the main and important issues of the topics.

| was interested and stimulated to learn more.

| was able to summarise and concluded what | learned.

(Continued)
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Appendix 3. Continued.

Group Machinima Virtual Reality

S21 The learning process was meaningful. The learning activities were meaningful.

S22 What | learned, | can apply in real context. What | learned, | can apply in real context.

C5. Satisfaction

S23 | was satisfied with this type of learning experience. | was satisfied with this type of learning experience.

S24 A wide variety of learning materials was provided in this educational A wide variety of learning materials was provided in this type of Virtual
video. Reality escape room.

(R)S25 | don’t think this educational video would benefit my learning
achievement.

S26 | was satisfied with the immediate information gained via this
educational video.

S27 | was satisfied with this teaching method.

S28 | was satisfied with this type of educational activity.

S29 | was satisfied with the overall learning effectiveness.

| don’t think this type of Virtual Reality escape room would benefit my
learning achievement.

| was satisfied with the immediate information gained in this type of Virtual
Reality escape room.

| was satisfied with this teaching method.

| was satisfied with this type of educational activity.

| was satisfied with the overall learning effectiveness.




