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ABSTRACT

The science, technology, engineering, and math (STEM) education community is
interested in using virtual reality (VR) to help students learn STEM knowledge. Prior
research also provided evidence that VR learning can increase students’ motivation and
learning achievement. However, it was not clear whether the effect of VR on learning
was partly from sensory novelty and whether the effectiveness was sustainable. This
study was to satisfy the concern on the sustainability of VR STEM learning in instruction
and address the research gaps in exploring the effect of VR on a STEM learning
experience with a consideration of novelty.

The study used a mixed-methods experimental design and involved a three-
session VR STEM learning intervention. The quantitative data was collected through the
intervention by survey questionnaire, session quiz, and pre- and post-tests, while the
interviews were taken after the intervention. The structural equation modeling method
was used to explore the relationships among factors in the VR learning experience.
Longitudinal quantitative comparisons were conducted with the multiple imputation
method. Its purpose was to evaluate the changing magnitude of factors across sessions.
After quantitative analysis, interview transcripts were analyzed. They were used to
triangulate or provide context for understanding of quantitative results.

The results showed that motivation and engagement play a critical mediation role
in an effective VR learning experience. While individuals’ psychological responses and
motivation may significantly increase in a VR learning experience for novelty, the
novelty effect may not steeply decrease when individuals are becoming familiar with the

novelty. This phenomenon is more observable in a VR condition having a high degree of



immersion and embodiment. In addition, novelty does not necessarily increase learning
achievement. The increase of learning achievement is more dependent on a match
between the learning content and the learning method. The embodied learning method is
appropriate for instructing difficult knowledge and spatial knowledge. Reserving enough

time for reflection is important to deep learning in a VR environment.
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CHAPTER 1

INTRODUCTION

Research Problem

STEM is the acronym of science, technology, engineering, and mathematics. It
represents four different subjects in our daily life. An integration of these four subjects
offers students a chance to view the world as a whole rather than learn separated pieces of
knowledge and skills (Dugger, 2010). In the 21* century, globalization and the
knowledge-based economy enhance the importance of science and technological
innovations (National Science Foundation, 2007). This puts forward higher requirements
for students’ capabilities in STEM than before. However, there is a popular belief that it
is hard to learn STEM (Pew Research Center, 2018). Particularly, some content in STEM
subjects is abstract or hard to reach in life. This is recognized as one of the main reasons
causing students to feel frustrated and lose interest in STEM learning (Drew, 2011).
Approximately 40 percent of STEM major undergraduate students either switch to non-
STEM majors or drop out (Drew, 2011). Concerning this issue, researchers and educators
have attempted to use a diversity of digital tools to enhance conceptual understanding,
promote thinking skills, and motivate students to learn STEM (European Schoolnet,
2017; Microsoft Corporation, 2016).

Virtual reality (VR) is one of the fastest-growing emerging information
technologies at present. Among various audiences (e.g., healthcare & medicine, retail,
manufacturing), education has the largest demand for VR in a long term (Superdata,

2018). VR enables instruction and learning beyond the bound of real world. This
1



advantage makes VR useful in the STEM education field. Many STEM researchers and
educators are enthusiastic about applying VR in the STEM education field.

Furthermore, the recently published Charting a course for success: America’s
strategy for STEM education showed that the country encourages expanding digital
platforms for instruction and learning in STEM education (Committee of STEM
Education, 2018). This strategy suggested that researchers and educators should realize
the full benefits of these new tools in content and skills learning. One of the key federal
actions is to expand research on the development of curricula using digital tools.
Particularly, it mentioned the benefit of virtual environments in increasing the learner’s
engagement.

However, compared with the scene of prosperity in the academic and education
field, there is a significantly different phenomenon in the industry. After the flourishing in
2016 and 2017, the public’s interest in VR is gradually waning, and the VR industry is
experiencing a harsh winter. While researchers and entrepreneurs predicted the total
consumer VR revenue in the world would reach 4.5 billion in 2018, the final result was
only 3.6 billion, 20% less than expectation (Superdata, 2018, 2019). A survey questioned
595 professionals from around the world at the end of 2018 revealed that approximately
42% of them selected the growth of VR for consumer is weaker than hoped (VR
Intelligence & Superdata, 2018). Goeldi (2018), an active columnist in the Internet
technology field, wrote on his blog that only 18 of his total 630 Facebook friends had an
account on the Facebook social VR platform, and he had never seen any of them being
online; while participants in a public VR chatroom was often only a few dozen to a

couple hundred, Facebook commonly had more than 3 million units online. He wrote that
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“if my early-adopter friends and I can’t get sustainably excited about a new technology,
there’s nearly zero chance that it will fly in the mainstream” (para. 7).

This contrast is thought-provoking. Entertainment is the first and largest market of
VR technology at present. Compared to the entertainment field, the education
community’s reaction to VR is still at the stage of active exploration. There is no sign of
losing interest in VR instruction or VR learning reported from openly published
publications. However, Rogers (2003) indicated in his diffusion of innovation theory that
if there is no rich knowledge to support the use of an innovation in a social system, the
diffusion of this innovation in this society will be restrained. In history, researchers have
broadly recorded the phenomenon that students or teachers gradually lose interest in
learning with various digital learning methods, such as Massive Open Online Courses
(MOOCs), virtual community of practice, and mobile learning. Their research revealed
that keeping individuals’ engagement and persistence in learning with an assistant tool is
a challenge in the education field; if no outside factor intervenes, the rate of participation
will significantly decline in the learning process (Callum & Jeffrey, 2013; Cheung, C. &
Lee, 2009; Higashi, Schunn, & Flot, 2017; Jung & Lee, 2018).

No one is willing to see this situation happening in VR STEM learning. VR has
already shown several competitive advantages in supporting STEM education. It can
present phenomenons and scenarios which are hard to observe with the naked eye or in
the local area (Bell & Fogler, 1997; Borst, Ritter, & Chambers, 2016; Papachristos,
Vrellis, & Mikropoulos, 2017); serve as a simulated operational environment, where
students can learn how to manipulate the mechanical equipment with more practical
opportunities but less financial cost (Crespo, Garcia, & Quiroz, 2015; Mineev, 2017;

3



Quevedo et al., 2017); enhance the memory and understanding of abstract concepts
through embodied motions and gestures (Johnson-Glenberg & Megowan-Romanowicz,
2017; Parmar, 2017).

Considering these significant benefits, the STEM education community should
not wait until the public start to lose interest in VR STEM learning, but actively face this
potential challenge. This involves an understanding of how VR influences students’
STEM learning experience and whether this influence is durable. The understanding may
help the community determines whether losing interest will be a problem in the VR
STEM learning field in the future. If it is really a problem, the revealed mechanism may

help the community more accurately find ideas to solve this problem.

Prior Research on VR Learning

Prior VR STEM learning research provided evidence that using VR in instruction
has the potential to increase individuals’ motivation and learning achievement in STEM,
and students like using VR to learn the STEM knowledge and skills. In addition,
researchers have broadly explored how and why VR can benefit learning through
modeling. They found that this is because VR offers distinctive affordances (e.g.,
presence, motivation, and embodiment) to individuals in their learning experience.
Nevertheless, it is still not quite clear how the characteristics of VR, or the affordances of
VR, affect an actual learning experience and then enhance learning outcomes (e.g.,
knowledge and cognitive skills). Filling this research gap has the potential to help
instructional designers more efficiently use VR to develop STEM courses and support
students to successfully reach the expected learning objectives.

4



Furthermore, many VR STEM learning studies only used either a single or a
short-term measurement to collect data. However, previous studies in the digital learning
field showed that due to the novelty effect, this data collection method might produce
biased estimates. For example, students may show a high motivation to learn STEM
knowledge in a technology-enhanced learning environment at the beginning for being
curious about this type of learning, but their motivation decreases over time when they
become familiar with the surroundings. If data are only collected at the beginning, this
study may overestimate the effect of the learning environment on students’ motivation.
Thus, to reveal the real effect of VR on individuals’ learning, researchers should consider
the impact of novelty on the effectiveness of VR in learning. If the impact is large,
repeated measurements should be used to collect data. However, there is a lack of
research on the possible novelty effect in the VR learning field at present, there are also
few studies in the VR STEM learning field used repeated measurements to collect data in
literature.

Third, minimal research attention has been directed toward instructional methods
when the effect of VR on STEM learning is assessed. This is incongruent with the result
of prior research on the relationship between media and instructional method in the multi-
media learning field, which emphasizes the contribution of instructional method on
learning. Different instructional methods may lead to differences in learning experience
and learning achievement even when the type of media used is the same. Particularly,
prior literature showed that the efficiency of VR learning is not always higher than
learning with a desktop virtual environment (VE). Thus, it is important to find the most

appropriate instructional method in VR learning and consider the possible differences
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caused by instructional methods. In the recent years, researchers have paid attention to
the high-end VR systems (e.g., Oculurs Rift and HTC Vive), which allow individuals to
actively interact with virtual objects in the learning process. This embodied learning
method has the potential to effectively enhance individuals’ engagement and their
learning achievement. As a new research direction, its application and strength need more
explorations. These explorations have the potential to guide the design of VR applications

and maximize the potential of different VR conditions in instruction.

Purpose and Research Questions

This study was to satisfy the concern on the sustainability of VR STEM learning
in instruction and address the research gaps in exploring the effect of VR on a STEM
learning experience with a consideration of novelty. A mixed-methods experimental
design (Creswell & Clark, 2017) was used in this study. This is a type of design in which
quantitative and qualitative data are embedded within a major intervention. In this study,
the quantitative data were collected before, during, and after the intervention by survey
questionnaire, session quiz, and pre- and post-tests. They were used to validate a VR
learning experience model and longitudinally assess the possible changes of individuals’
engagement and learning in different VR conditions. The qualitative data were collected
after the intervention by interviews. They were used to triangulate or provide context to
understand the quantitative results.

The research questions that lead this study are:

1. How does the VR condition impact an effective VR learning experience?

2. How much does novelty influence the VR learning experience?

6



3. How does the effectiveness of a VR condition change after the novelty effect

happens?



CHAPTER 2
LITERATURE REVIEW
This chapter includes three sections. The first section is a review of prior research
in VR STEM learning. It indicates three research gaps and provides a rationale for the
study. The second section corresponds to the first research question in this study. It first
proposes a conceptual framework, and then establishes a research model. The third
section focuses on the second and third research questions. It includes a series of
predictions which are related to the effect of novelty on STEM learning in different VR

conditions.

VR and VR STEM Learning Research

Virtual reality. Virtual reality (VR) is a computer-generated fully-immersive 3-D
multimedia environment that individuals can use special electronic equipment to interact
with in a seemly real way (Aukstakalnis & Blatner, 1992; Milgram & Kishino, 1994;
Onyesolu & Eze, 2011; Oxford, 2019). It incorporates 3-D technologies and creates a
condition that simulates real or imagined life scenarios (Haag, Cummings, & Dawkins,
1998). The head mounted display (HMD) headset is the most common and important tool
to implement VR STEM education in schools (Johnson-Glenberg, 2018). It provides a
fully interactive 3-D environment to users with a head tracking design. Users can walk,
adjust sight, and touch virtual objects in a 360-degree virtual environment with an
affordable-price. Currently, there are mainly three types of VR headsets available to the
public: (1) A simple headset that uses a smartphone without any other features or

functionality, e.g., Google Cardboard; (2) A mid-range headset that either incorporates a



smartphone or be standalone, but offers additional functions, e.g., Samsung Gear VR,
Oculus Rift Go; and (3) A high-end headset that can track individuals’ position, e.g.,
Oculus Rift and HTC Vive (Mcmillan, Flood, & Glaeser, 2017). While most of the high-
end headsets need to be connected to a high-performance personal computer, all-in-one
headsets (e.g., Oculus Quest and Vive Cosmos) have been released since 2019. This type
of headsets can provide the high-end VR service without a personal computer.

VR is different from desktop VE. Desktop VE is non-immersive. It allows
individuals to view the 3-D virtual world presented on a standard high-resolution monitor
and access the real world at the same time (Onyesolu & Eze, 2011). Besides this, VR
supports various interactive methods with sensory facilities (e.g., HMD, glove, tracking
systems), while individuals usually interact with a desktop VE through keyboard and
mouse (Onyesolu & Eze, 2011).

Furthermore, there are also differences between VR and augmented reality (AR)
and between VR and mixed reality (MR). AR places a computer-generated layer on an
individual’s view of the real-world (Blair, 2016; Oxford, 2019). The layer is at least semi-
transparent and allows individuals to see the real-world around (Blair, 2016). This is
different from VR, which fully immerses individuals into a virtual world. Relatively,
researchers have not reached an agreement on the definition of MR. Milgram and Kishino
(1994) referred MR as the technologies which involve the merging of real and virtual
worlds and AR is a part of MR in a virtuality continuum. Blair (2016) viewed MR as a
combination of VR and AR. He indicated that an AR environment allows digital content
to be simply overlaid onto the real environment, while a MR environment integrates the

digital content into the real world through an interactive way. An example of MR is that
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an individual visited a virtual theater with an HMD headset as well walking on a physical
omnidirectional floor (Schuster, Hoffmann, Bach, Richert, & Jeschke, 2014). The floor
supported his or her orientation. Overall, despite differences existing in the definition of
MR, the most distinguishing difference between VR and MR is whether real objects are
involved in the environment.

Potential of VR in STEM education. Prior literature showed that VR has the
potential to increase individuals’ motivation and learning achievement in STEM
education, most individuals take a positive attitude to VR STEM learning. Following are
some cases.

Evidence for motivation. VR, as a novel technology, increases individuals’
motivation to engage in STEM learning activities. Individuals were excited to learn in
VR environments no matter they used a mid-range or a high-end VR system (Webster &
Dues Jr., 2017). Angulo and de Velasco (2014) reported that immersive VR architectural
models attracted audiences to spend more time reviewing and providing suggestions than
physical models in an undergraduate architecture design showcase. In another case, K-12
students were motivated by the colorful interfaces of a virtual construction model and
eliminated their initial concern on a lack of technological background at a civil
engineering education workshop (Dinis, Guimaraes, Carvalho, & Martins, 2017a). In an
immersive animated 3-D atlas experience activity, both students and lecturers were
attracted by the interaction with the VR application and agreed that replacing traditional
lecture methods with this VR application could enhance the education process (Hamrol,

Gorski, Grajewski, & Zawadzki, 2013).
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Evidence for learning and skills. Parmar (2017) found that the VR activities more
successfully helped students understand concepts in computer programming and increase
their creativity than the desktop VE. Similarly, Alhalabi (2016) found that students who
used VR equipment with 6 degrees of freedom exhibited higher achievement in
engineering learning than those in the control groups. Additionally, VR also showed
strength in instructing operational tasks. Bharathi and Tucker (2015) found that students
spent less time to complete a virtual assembly task in a VR environment than they worked
with a desktop VE.

Students’ attitudes towards VR STEM learning. Most students reported positive
attitudes towards their VR learning experience. Angulo and de Velasco (2014) observed
that students reported higher ratings of affective appraisals for immersive architectural
simulation models than physical ones. Oberhauser and Lecon (2017) found that students
highly rated the method of programming with a VR application for the fun and intuition in
understanding the structure of program code. Bell and Fogler (1995) found that most
students perceived the VR learning experience helped them more accurately and
completely understand chemical engineering concepts. Dinis et al. (2017a) found that most
students felt their abilities of identifying building system structure increased after they
learned in VR environment.

Models in VR learning. To understand how and why a VR environment benefits
learning, researchers have proposed different models and continuously make progress in
this field. Affordance is a concept frequently used in related studies. This word is made
up by Gibson (Greeno, 1994). It is to describe what the utility of an object can afford to
the others (Gibson, 2014). One object can provide either benefit or injury to one or many
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objects, while different objects can afford the same benefit or injury to the same object.
This flexibility rescues researchers from understanding objects only by their surface
characteristics.

Perhaps the first VR learning model in history is from the study of Salzman,
Dede, Loftin, and Chen (1999). Their model was used to understand how VR aided
complex conceptual learning. They claimed that not only the VR features but also other
factors (e.g., individual characteristics, concepts to be learned) affected the learning
process and then learning outcomes. In their model, the instructed content partly
determines the effectiveness of VR features, while the individual’s characteristics
moderate the effect of VR features (affordances) on learning by influencing the learning
and interaction experience. Although this model has a detailed description of external
factors that may influence learning, the node learning process is a black box without any
introduction or analysis.

Dalgarno and Lee (2010) established a model to present the potential learning
benefits of a 3-D desktop virtual learning environments (VLEs). In this model,
representational fidelity and learner interaction are two unique characteristics of 3-D
VLEs. These characteristics contribute to the experience of presence, identity
construction, and co-presence in a multi-user virtual world. VLEs benefit learning with a
series of affordances. This model has a detailed explanation of possible affordances but
does not involve any expected learning outcomes in 3-D VLEs.

The study of Lee, Wong, and Fung (2010) and Makransky and Lilleholt (2018)
proposed their model in VR / VE learning, respectively. The model proposed by Lee,
Wong, and Fung showed how a desktop VE enhances learning outcomes. In this model,
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desktop VE features offers a series of affordances in a learning experience, which include
psychological factors (e.g., presence, motivation, and cognitive benefits) and reflective
thinking. These affordances further affect individuals’ learning outcomes. The model
proposed by Makransky and Lilleholt investigated the emotional value of VR in
education. From their model, two paths of affordances were identified by which VR
features affect perceived learning outcomes: (1) the first path includes affordances in the
affective domain, such as presence, motivation, enjoyment, and active learning, and (2)
the second path includes affordances in the cognitive domain, such as cognitive benefit
and reflective thinking. The structure of these two models are very similar. Both are from
VR features to learning outcomes through a list of affordances. There is no mediator
between affordances and learning outcomes in these models.

In recent years, there is a growing number of researchers who refer to embodiment
as one affordance to understand individuals’ interaction with a VR environment (Joo,
Ahn, Bailenson, & Park, 2014). Shin (2017) utilized embodiment in his model to
examine how a VR environment influenced learning. In that model, the usability of a VR
application (comfortable usage) offers two educational affordances: embodiment and
empathy. Both have a positive effect on the learnability of the VR application.

In summary, despite that differences exist, all these models show that learning
experience mediates the effect of VR features on learning outcomes. Affordance is used
to represent the potential benefits of VR features in the VR learning experience. Some
researchers have started to use embodiment to understand the benefit of VR in recent

years.
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However, the characteristics of VR cannot cause but only affect individuals’
meaningful learning (Roxana Moreno & Mayer, 2007). None of these models have
considered how the characteristics of VR, or its affordances, affect an actual learning
experience and then enhances tangible learning outcomes (e.g., knowledge and cognitive
skills). This is an important issue. At present, VR STEM education is at the beginning
stage. The available principles of instructional design are still very limited. Studying on
how the VR condition influences an effective learning experience has the potential to
support researchers to contribute to this field. These design principles will help
instructional designers efficiently develop VR STEM courses, which will benefit students
for successfully reaching the expected learning objectives. If knowledge in this field is
insufficient, the design of VR STEM courses may be disoriented, and the actual learning
outcomes are unpredictable.

Novelty effect. Some researchers were worried about whether the results of
present VR education / learning research were conclusive, as many studies only collected
research data through either a single or a short-term measurement. Huang and Roscoe
(2019) reviewed 40 publications on VR in engineering education, primarily appearing
from 2015 to 2017. They found that only two out of 25 experimental studies took
repeated measures, and no article had taken in-depth longitudinal analysis. Similarly,
Jensen and Konradsen (2017) did a review of 21 experimental studies of HMD VR in
education and training since 2013. They indicated that all but one reviewed research
focused on a very short-term use in an experimental setting. Researchers suggested to

take a long-term view to assess the effectiveness of VR in learning to avoid the possible
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influence of novelty (Hussein & Nétterdal, 2015; Jensen & Konradsen, 2017; Parmar,
2017).

In general, novelty refers to the experience and / or information that individuals
feel unexpected, surprising, and new (Huang, 2003). It is the opposite of familiarity and
can be created by innovative content or information technology. The novelty effect is an
increased motivation or an increase in perceived usability of something due to its
newness (Koch, Luck, Schwarzer, & Draheim, 2018). However, the increased motivation
and perceived usability may gradually decrease when individuals are familiar with this
innovation. The novelty effect may happen in two occasions: initially and reoccurring
(Koch et al., 2018).

Clark (1983) and Clark and Craig (1992) indicated that the novelty effect is an
uncontrolled effect which disturbs researchers to evaluate the effect of media on learning.
Due to the novelty, the increased attention paid by students sometimes leads to an
increased effort which influences their learning gains. These gains tend to diminish when
students are familiar with the medium. Clark’s viewpoint is supported by the results of
many studies in the STEM education field. Following are some cases.

Krendl and Broihier (1992) examined students’ (4-10 grade) perceptions about the
instructional effectiveness of computer at approximately 30 years ago when personal
computer was novel to the public. The whole study lasted over three years. They found
that both students’ preference of computer and perceived learning from computer were
significantly declined after this period.

Tsaya and Kofinas (2017) investigated the effectiveness of serious games on

students’ engagement in a two-semester online learning course. They found that despite
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that students more engaged in the gamified course than the non-gamified course,
students’ engagement gradually decreased in each semester, respectively.

Li and Ma (2010) did a meta-analysis of the effects of computer technology on k-
12 students’ mathematics learning from 46 studies involving more than 36 thousand
students. They found that short technology interventions (6 months or less) were much
more effective in promoting mathematics achievement than longer interventions (between
6 and 12 months).

Similarly, Merchant, Goetz, Cifuentes, Keeney-kennicutt, and Davis (2014) did a
meta-analysis study of the effectiveness of desktop VE on individuals’ learning. They
found that there was a statistically significant inverse relationship between learning gains
and the number of treatments for individuals who engaged in desktop VE serious games.
In other words, students’ learning gains diminished along with the playing time passing.

Considering the results of these studies, it is rational to predict that the novelty
effect is prevalent in the multi-media learning field. Unjustified ignoring the novelty
factor may negatively affect researchers evaluating the potential of multi-media
technologies on learning. Therefore, a thorough evaluation of VR in STEM learning
should involve a consideration of the possible novelty effect. Despite that, prior studies
on the novelty effect in the VR field are rare.

Effectiveness of a VR condition. The research methods that many prior VR
learning studies used is worth discussing. Common experimental designs in those studies
are: (1) comparing individuals’ feedback or learning outcomes between a desktop VE and
a VR environment after an intervention, and (2) checking the differences through pre-
and post-tests within a group of participants (Bharathi & Tucker, 2015; Kozhevnikov,
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Gurlitt, & Kozhevnikov, 2013; Guido Makransky, Terkildsen, & Mayer, 2019; Mineeyv,
2017; Shu, Huang, Chang, & Chen, 2018). Both of these methods do not consider the
possible differences among VR environments. However, prior research showed that the
effect of different VR environments on learning are not always the same.

For example, although there are many studies showed that individuals in a VR
environment had the potential to learn better than those learned with a desktop VE, there
are also cases showed that a VR environment did not benefit learning at all when
compared with desktop VEs. Mineev (2017) did not find any statistically significant
difference between VR and desktop VE in training skills of maintaining computer
systems. Similarly, the study of Timcenko et al. (2017) did not show any significant
difference between students who used VR and desktop VE in their collaborative
behaviors for a problem-solving game. Guido Makransky et al. (2019) even found that
individuals learned less from a VR-version science simulation than they learned with the
desktop-version application having the same content.

A possible explanation to the difference among these results is that the potential
of media in learning is not only determined by its characteristics but also influenced by
its appropriate use in learning activities, namely instructional method. Researchers in the
multi-media field have proposed their views on the relationship between media and
learning. In general, they agree that instructional method is an important factor that
directly influences the efficiency of multi-media learning, a match among the technical
affordances of a learning environment, instructional method, and learning objective has

the potential to create a high cost-effective learning experience (Clark, 1994; Clark, 1983;

17



Fowler, 2015; Jonassen et al., 1994; Kozma, 1994; Mayer, 2003; Moreno & Mayer,
2002).

In addition, some studies found that manipulation and haptics sense can improve
individuals’ engagement and learning achievement in a technology-enhanced learning
environment (Jang, Vitale, Jyung, & Black, 2017; Johnson-Glenberg & Megowan-
Romanowicz, 2017; Lindgren & Johnson-Glenberg, 2013; Parmar, 2017; Schénborn,
Bivall, & Tibell, 2011). Their explanation is from the embodied cognition theory. That is,
actively interaction with the environment has the potential to deepen individuals’ memory
through offloading the cognitive work onto actions (Wilson, 2002). Specific to the VR
field, research on this type of learning method, namely embodied learning, is very
limited. Until now, embodied learning can only be implemented with the high-end VR
systems (e.g., Oculurs Rift and HTC Vive) for their capability of a body-level tracking.
There are many practical issues unsolved. For example, there is a lack of research on its
best application scenes and researchers do not know whether its effectiveness is durable
in a VR environment. Despite that, study on this direction is important for VR education.
It has the potential to guide the design of VR applications and maximize the potential of
VR in instruction.

Overall, scientifically measuring the effectiveness of VR in STEM education
requires researchers to consider the contribution of instructional method on learning.
Some studies have introduced the embodied learning method to increase individuals’
engagement and learning achievement in a technology-enhanced learning environment.
This method can be implemented with the high-end VR systems. As a new research

direction, it is hopeful and needs deeper explorations.
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A Model of an Effective VR Learning Experience

Due to the deficiency of prior research in understanding how individuals learn in
a VR environment, a cross-sectional research model is proposed in this section. Its
establishment includes three steps. First, a conceptual framework is set up based on
theories in motivation and learning. Second, the main factors in a VR learning experience
are described and their possible relationships are identified with evidence from prior
literature. Finally, the research model is established based on the conceptual framework
and the possible relationships among factors.

Conceptual framework. Malone and Lepper’s theory of curiosity in intrinsically
motivating instruction (1987) and the cognitive-affective theory of learning with media
(CATLM; Moreno, 2005; Moreno & Mayer, 2007) are the starting points of
understanding how a VR condition influences individuals’ learning. Malone and Lepper
indicated that curiosity is the most direct intrinsic motivation for learning, and it includes
sensory curiosity and cognitive curiosity. Sensory curiosity is the changes of light, sound,
manipulation, or other sensory stimuli, which may attract individuals’ attention in an
environment. Cognitive curiosity is evoked when an instructional environment can
stimulate individuals to reflect their prior knowledge and make up deficiencies. Everyone
has a cognitive drive to build a personal satisfied knowledge structure (Malone, 1981).

As a theory for instruction, Malone and Lepper’s theory is situated into the VR
learning field in this study. Presence and sense of embodiment represent individuals’
feelings of themselves with the VR environment and their feelings with the virtual body,
respectively (Kilteni, Groten, & Slater, 2012). Both may arouse individuals’ sensory

curiosity. By contrast, the completeness of individuals’ prior knowledge will partly
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weaken individuals’ cognitive curiosity in learning (Johnson-Glenberg, 2018; Wade &
Kidd, 2019). The enhanced or undermined curiosity will directly influence individuals’
motivation.

Furthermore, CATLM is a theory that explores individuals’ cognitive processing
in a multimodal learning environment (Moreno & Mayer, 2007). According to the theory,
for meaningful learning to occur, an individual needs to purposefully select useful
information for further processing from the sensory memory to the working memory.
Then, the individual will organize this new information into a coherent mental structure
and integrate it with the prior knowledge. If the cognitive processing demands exceed the
processing capacity of the cognitive system, cognitive overload will happen. When an
individual lacks motivation, he or she may fail to engage in the learning process. In other
words, prior knowledge and motivation are critical for a successful learning experience.
Prior knowledge may lower a high cognitive load in cognitive processing, while
motivation ensures individuals’ engagement in the cognitive processing. Figure 1
illustrates the framework based on the two theories. This framework is the foundation for

establishing a research model which is shown at the final step in the subsection.

Psychological responses
VR condition ——»{® Presence
¢ Sense of embodiment

Prior - New
Motivation —»{ Engagement |
knowledge B knowledge

F 3 F ¥

Cognitive load

Y

Figure 1. The conceptual framework of an effective VR learning experience
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Factors and their relationships. This part mainly describes the main factors
shown in the conceptual framework. It also includes their causal relationships which may
be beyond the conceptual framework. The sequence of description is as follows: (1) VR
condition, (2) presence, (3) sense of embodiment, (4) motivation, (5) cognitive load, (6)
engagement, (7) prior knowledge, and (8) learning achievement.

VR condition. One of the most important characteristics of VR is full immersion.
Immersion “describes the extent to which the computer displays are capable of delivering
an|[...... ] illusion of reality to the senses of a virtual reality participant” (Slater & Wilbur,
1997, p. 606). Its degree can be objectively measured by a series of technical indicators
of a VR system, such as the field of view, color resolution, fidelity (e.g., whether or not
present dynamically changing shadows), the types of sensory modalities, and the
consistent degree between physical movement and the environment’s response (e.g., the
change of visual display, sound direction, and the time delay) (Slater, Usoh, &
Chrysanthou, 1995; Slater & Wilbur, 1997). A VR system is more immersive than another
VR system if it can more fully and / or realistically simulate individuals’ perceptions as
being in the real world (e.g., a more complete virtual representation of the participant’s
body) (Slater & Sanchez-Vives, 2016).

The differences in technical parameters not only lead to the different degree of
immersion between VR systems, but also the differences in affording individuals the
capability of manipulation and movement. Commonly, the high-end VR systems not only
have a higher level of immersion but also affords individuals more freedom in action (i.e.,
embodiment) than the mid-range VR systems. This capability is attributed to another
distinctive capability of VR: embodiment (Johnson-Glenberg, 2018). The degree of
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embodiment in a VR educational environment is mainly determined by three aspects: (1)
the degree of immersion, (2) the magnitude of gesture, and (3) congruence of gesture to
content (Johnson-Glenberg, 2018; Johnson-Glenberg & Megowan-Romanowicz, 2017).
A high-embodied VR condition allows free exploration and active learning. It has the
potential to enhance learning achievement (Johnson-Glenberg, 2018).

The Oculus Go system and the Oculus Rift system are two types of VR systems
released by the Facebook Oculus company (Oculus, 2020). They belonged to the mid-
range VR system and the high-end VR system, respectively. Table 1 is a comparison
between these two types of VR systems. Compared with the Oculus Go system, the
Oculus Rift system offers more vivid and extensive virtual surrounding, which leads to a
higher level of immersion. Its external “Constellation” IR camera tracking system can
track individuals’ body position and gestures (i.e., grasp and rotate). This benefits
individuals to learn with actions in a VR environment, which belongs to a high-level
embodiment (Johnson-Glenberg, 2018). In short, compared with the Oculus Go system,
the Oculus Rift system has the potential to offer a higher-level VR condition with a

higher degree of immersion and embodiment.
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Table 1

A Comparison Between the Oculus Go and the Oculus Rift Systems

| Oculus Go Oculus Rift

Technology*

Display 1280 x 1440 2160x1200 (1080x1200 per eye) OLED panels

Refresh rate 60 Hz 90 Hz

Field of view | 100 degrees 110 degrees

Headtracking | 3DOF 6DOF tracking capabilities with external
headtracking “Constellation” IR camera tracking system

Controller Unimanual touch Bimanual touch controllers
controller

Audio Headphones Integrated over-ear headphones with 3D
purchased directional audio support and built-in
separately microphone

Function

Auditory Yes Yes

sense

Visual sense Yes Yes

Tactile sense | No Yes

Proprioceptive | Yes (weak) Yes (strong)

sense

Virtual No Yes

manipulation

Note. * Data was retrieved from https://arstechnica.com/gaming/2016/03/the-ars-review-
oculus-rift-expands-pc-gaming-past-the-monitors-edge/ and

https://www.niora.net/en/p/oculus_go

Presence. Presence is one of the most distinguishing feelings that individuals will

experience when they engage in a VR environment (Johnson-Glenberg, 2018). Due to the

lack of a clear and unified definition, researchers sometimes use it and immersion

interchangeably. Relatively, the definition from Slater and Wilbur (1997) has a high

degree of adoption. “Presence is a state of consciousness, the (psychological) sense of

being in the virtual environment” (Slater & Wilbur, 1997, p. 607). It is the individual’s

potential responses to immersion in psychology and behavior. The responses may include

unconscious physiological behaviors, conscious volitional behaviors, and cognitive
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processing (Sanchez-Vives & Slater, 2005). In a narrow sense, presence only refers to the
sense of “being there”, namely place illusion (PI) (Slater, 2009). PI is humans’ response
to an immersive environment within its boundaries (Slater, 2009). The occurrence of PI
requires the sensorimotor contingencies (SC) (Slater, Spanlang, & Corominas, 2010).
That is, if the perceived changes of actions in perception is much in line with those
occurred in the real world, the brain will adopt the perceived illusion as true.

A high level of presence requires the physical disappearance of display devices in
individual’s consciousness and realistic context (Held & Durlach, 1992; Hendrix &
Barfield, 1996). Individuals’ sense of presence is strongly influenced by the features of
virtual environment (i.e., the fidelity of the representation, immediacy of control) in both
VR and desktop VE conditions (Dalgarno & Lee, 2010; Lee et al., 2010; Makransky &
Lilleholt, 2018).

Sense of Embodiment. Presence is a concept that reflects the influence of
immersion on individuals’ psychology and behaviors, while sense of embodiment
corresponds to individuals’ responses to the potential of embodiment in a VR condition.
Kilteni, Groten, and Slater (2012) referred sense of embodiment in VR as “the ensemble
of sensations that arise in conjunction with being inside, having, and controlling a body
especially in relation to virtual reality applications” (p. 374). It includes one’s perception
between the self and the body representation in the VR environment, namely body
ownership. For example, an individual felt a connection with the virtual body after the
individual was virtually stroked (Bourdin, Barberia, Oliva, & Slater, 2017). An individual
might have an illusion that a virtual arm was a part of his / her self when there were

synchronous tactile stimuli on the real hand and virtual stimuli on the virtual arm (Slater,

24



Perez-marcos, Ehrsson, & Sanchez-Vives, 2008). Another factor of sense of embodiment
is the perceived capability of naturally controlling the agency in the VR environment. It
requires a match between the predicted and the actual sensory feedback (Kokkinara,
Kilteni, Blom, & Slater, 2016; Sato & Yasuda, 2005). When this prerequisite was
satisfied, individuals might have the illusion of walking, even when they just sat without
movement (Kokkinara et al., 2016).

Prior research showed the importance of dynamic movements to presence. Slater,
McCarthy, and Maringelli (1998) found that individuals who played more body
movements, such as blending down and looking up, reported a higher degree of presence
than those played less movements in a VR task. In another study, Slater et al. (1995)
found that providing virtual objects with dynamic shadows to match individuals’
manipulation enhanced individuals’ presence in VR environments. They explained that
this was due to individuals’ identifying with their virtual body.

Motivation. Motivation is termed as “[an individual’s] willingness or desire to
engage in a task” (Garris & Driskell, 2002, p. 451). It is relevant to an individual’s choice
to engage in an activity and the energy involved to persist. In general, an individual’s
motivation includes intrinsic motivation and extrinsic motivation. Intrinsic motivation is
defined as “the doing of an activity for its inherent satisfactions” (Ryan & Deci, 2000, p.
56). It is for the fun or challenge entailed rather than external rewards. On the contrary,
extrinsic motivation arises from outside. It leads to individuals’ activities or behavior for
attaining separable outcomes (e.g., money, fame, grades), rather than personal enjoyment
(Ryan & Deci, 2000). In the digital learning field, intrinsic motivation is more effective
than extrinsic rewards (Tiiziin, Yilmaz-Soylu, Karakus, Inal, & Kizilkaya, 2009).
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Furthermore, motivation is situated and contextualized (Lee et al., 2010; Linnenbrink &
Pintrich, 2002). VR facilitates experiential learning tasks that would be impossible to
undertake in the real world and allows individuals to make choices for personalized
learning. These intrinsically motivate individuals to learn in a VR environment (Dalgarno
& Lee, 2010).

Cognitive load. According to the cognitive load theory, there are three types of
cognitive load: intrinsic cognitive load, extraneous cognitive load, and germane cognitive
load (Sweller, 2010; Sweller, Merrienboer, & Paas, 1998). Intrinsic cognitive load is the
cognitive load generated by the element interactivity in learning materials. It is related to
the complexity of learning content and whether or not it is easy to be understood.
Extraneous cognitive load concerns the instructional design. It reflects the effort required
to process the designed instruction. Germane cognitive load is the available working
memory resources to deal with the intrinsic cognitive load. It is the actual cognitive
resources being able to use in meaningful learning activities.

In this study, cognitive load is a combination of intrinsic cognitive load and
extraneous cognitive load. A combination of high intrinsic cognitive load and high
extraneous cognitive load may cause cognitive overload, which undermines learning
efficiency (Paas & Van Merriénboer, 1994). The level of element interactivity is
determined by the interaction between the instructional materials and individuals’
expertise (Sweller et al., 1998). In other words, the complexity of learning task and
individuals’ prior knowledge are critical for intrinsic cognitive load. Individuals can learn
materials of low element interactivity with lower intrinsic cognitive load than those of

higher element interactivity due to the less reference among elements (Sweller, 2010).
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For example, it is easier to remember several words together than to remember them with
sequence. This is because the later task requires additional cognitive load to remember
their relative position in the list.

A high-embodied condition benefits individuals’ learning in STEM (Johnson-
Glenberg, 2018). A possible explanation is that meaningfulness of gestures and
movements can deepen individuals’ memory by lightening cognitive load (Goldin-
meadow, Nusbaum, Kelly, & Wagner, 2001; Ping & Goldin-meadow, 2010). Paas and
Sweller’s evolutionary view of human cognitive architecture (2012) provides a more
detailed explanation. They indicated that using movement as a type of knowledge that
humans are familiar with can facilitate the acquisition of new knowledge. This method
requires less cognitive resources but can construct higher-quality cognitive schemas. It
breaks the constraint of working memory on obtaining novel information.

Engagement. Engagement is commonly defined as the behaviors that individuals
involve themselves physically, cognitively, and emotionally in a task (Bouvier, Lavoué,
& Sehaba, 2014; Kahn, 2013). In game or gamified course studies, the definition of
engagement is a little different. It is referred as a concept concerned with individual’s in-
the-moment experience during play (Boyle, Connolly, Hainey, & Boyle, 2012; Shernoff
& Strati, 2011). This engagement includes intensity of arousal, attention, deeply
involvement, and persistence (Cordova & Lepper, 1996; Parker & Lepper, 1992; Garris &
Driskell, 2002).

Flow theory is commonly used to explain engagement from the psychological
aspect (Csikszentmihalyi, 1997). Flow represents an optimal experience where

individuals can focus on their personal goals or interest and screen out unwanted stimuli
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(Csikszentmihalyi, 1990). Being in the state of flow is regarded as a similar state of being
highly engaged in an activity (Whitton, 2011).

Prior literature showed that motivation influences engagement. Perceived
challenging, interesting, and enjoyable promotes individuals’ intrinsic motivation and
keeps them engage in tasks (Keller, Ringelhan, & Blomann, 2011). The study of Schiiler
(2007) showed that motivation moderated the relationship between challenge-skill
balance and flow experience. Weibel and Wissmath (2011) found that motivation
positively affected flow, and flow influenced performance in computer games.

In addition, presence has the potential to impact flow / engagement. The study of
Takatalo (2002) recognized presence as a prerequisite for flow / engagement. Their
research showed that presence was correlated with the dimensions defined by their model
of flow experience in VE. Similarly, Cheng, Chieng, and Chieng (2014) found that
presence positively and significantly affected flow after they examined the mechanism of
forming the flow state in a 3-D computer simulated interactive environment.

Besides presence, sense of embodiment may affect engagement. The natural user
interface was regarded as the key to facilitate participants’ movement in a MR or a VR
environment, where participants can act as being in the real world (Brondi, Avveduto, &
Carrozzino, 2015; Lindgren, Tscholl, Wang, & Johnson, 2014). It enhanced participants’
sense of embodiment (Bianchi-Berthouze, 2013). Furthermore, individuals who were in a
high-embodied condition had a higher degree of engagement than those in lower-
embodied conditions (Johnson-Glenberg & Megowan-Romanowicz, 2017; Lindgren et

al., 2014). Thus, engagement is related to sense of embodiment.
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Last, cognitive load also has an effect on engagement. Flow experience represents
a match between individuals’ ability and the challenge of task (Csikszentmihalyi, 1999).
If the task is too difficult, individuals may be overwhelmed by frustration, while the task
is too easy, individuals will feel bored. Both these two situations will undermine
individuals’ engagement in the learning experience (Przybylski, Rigby, & Ryan, 2010;
Sharek & Wiebe, 2014). In other words, a moderate cognitive load benefits individuals’
engagement in learning. This study only focused on the situation that cognitive load
negatively affects engagement.

While prior research showed the positive effects of motivation and presence on
engagement, there are also evidence and argument to support the opposite relationships.
Flow represents a match between personal skills and demands. The skills-demands
compatibility enhanced intrinsic motivation in working or learning tasks
(Csikszentmihalyi & Lefevre, 1989; Keller et al., 2011). Thus, flow / engagement has the
potential to influence intrinsic motivation. Moreover, some studies found that
engagement influences presence. This is because they defined engagement as a concept
related to involvement. Bouvier, Lavoué, and Sehaba (2014) indicated that as presence
requires a shift in consciousness from the real world to the activity world, presence is a
state that occur after engagement. Witmer and Singer (1998) regarded engagement (or
involvement) as a necessary condition for presence. In their study, all items measuring
involvement were significantly correlated with the presence scale.

Prior knowledge. Prior knowledge is critical in an effective learning experience.
The conceptual framework has already covered its possible effects on motivation,

cognitive load, and learning achievement based on existing theories. Besides that, there is
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practical evidence to support the influence of prior knowledge on constructing new
knowledge in a learning process. The study of Desanctis et al. (1994) and King (1994)
showed that prior knowledge helped individuals’ reading comprehension. The study of
Kesteren, Ruiter, and Henson (2012) found that individuals were able to better memorize
new information than normal through building connections between new information and
prior ones. However, the study of Shaffer et al. (2016) indicated that the prior knowledge
could improve learning efficiency only when it had been covered in depth before.

Learning achievement. Learning achievement is defined as the indicator of
learning outcomes. Prior research showed that individuals’ learning achievements in a
VR environment can be assessed from different aspects: the score in a post-test which
examined individuals” memory or comprehension of instructed knowledge and skills
(e.g., Alhalabi, 2016; Bell & Fogler, 1995; Bharathi & Tucker, 2015; Dinis et al., 2017b;
Hussein & Natterdal, 2015; Mineev, 2017; Oberhauser & Lecon, 2017; Oberhauser et al.,
2016), the efficiency of implementing assigned tasks in a VR environment (e.g.,
Alhalabi, 2016; Bharathi & Tucker, 2015; Mineev, 2017; Oberhauser & Lecon, 2017;
Oberhauser et al., 2016; Ragan et al., 2015), and the capability of transferring instructed
knowledge into the real-world practice (e.g., Dinis et al., 2017¢; Ragan et al., 2015;
Waller & Knapp, 1998).

Prior research showed evidence that motivation may influence individuals’
learning. Motivation directed individuals’ attention to the learning task and helped them
persist when they encountered difficulties (Svinicki, 2004). A positive relationship was
found between intrinsic motivation and learning performance in classroom teaching
(Keller, 2010; Lee et al., 2010; Lepper & Iyengar, 2005; Pintrich, 2003).
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Furthermore, practical cases supported a causal relationship from engagement to

learning achievement. Hou and Li (2014) found that flow was an important indicator

predicting desirable learning outcomes in a digital problem-solving-based adventure

game. Similarly, the study of Hsu, Tsai, and Wang (2012) showed that students in the

high engagement group outperformed those in the low engagement group in a digital

game-based learning activity.

Research model. Based on the conceptual framework and evidence of

relationships among factors, a research model that explores how a VR environment

influences a STEM learning experience is proposed (see Figure 2). This model has two

external variables (i.e., VR condition and prior knowledge), one output factor (i.e.,

learning achievement), and five internal factors (i.e., presence, sense of embodiment,

motivation, cognitive load, and engagement). The internal factors are influenced by the

external variables and impact the output factor.
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Figure 2. The hypothesized model of an effective VR learning experience
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Related hypotheses are:

H1: VR condition has a directly positive effect on presence.

H2: VR condition has a directly positive effect on sense of embodiment.

H3: Sense of embodiment has a directly positive effect on presence.

H4: Presence has a directly positive effect on motivation.

HS: Sense of embodiment has a directly positive effect on motivation.

H6: Prior knowledge has a directly negative effect on motivation.

H7: VR condition has a directly negative effect on cognitive load.

HS: Prior knowledge has a directly positive effect on cognitive load.

HO9: Motivation has a directly positive effect on engagement.

H10: Presence has a directly positive effect on engagement.

H11: Sense of embodiment has a directly positive effect on engagement.

H12: Cognitive load has a directly negative effect on engagement.

H13: Prior knowledge has a directly positive effect on learning achievement.

H14: Motivation has a directly positive effect on learning achievement.

H15: Engagement has a directly positive effect on learning achievement.

It is noteworthy that the effects of engagement on presence and motivation are not
labeled. This is because the purpose of this model is to understand an effective learning
experience. The measurement of an effective learning experience is satisfactory learning
achievement. Relatively, the effects of presence and motivation on engagement need

more attention, but not the reversed effects.
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Novelty in VR Learning

This section mainly explores the possible influence of novelty on a VR learning
experience. It includes two subsections. The first subsection investigates the possible
change of assessed factors when individuals come to a high-level VR condition from a
low-level VR condition. The second subsection evaluates the changing tendency of
assessed factors after the novelty effect happens.

Novelty effect in VR learning. The degree of novelty is determined by the
incongruency between a learner’s past experience and the present one (Berlyne, Craw,
Salapatek, & Lewis, 1963; Kesteren et al., 2012; Pearson, 1998). There are four types of
novel experiencing: external sensation, internal sensation, external cognition, and internal
cognition (Pearson, 1998). External means that the novelty is from the environment or
activity, while internal means that the novelty is self-generated (e.g., daydream). This
study specially focuses on external sensory novelty.

A high-level VR condition provides more flexibility in learning than a low-level
VR condition. It allows individuals to learn with movement and manipulation. Thus, the
difference between learning in a high-level VR condition and traditional learning with
text or picture is more significant than the difference between a low-level VR condition
and traditional learning. In other words, learning in a high-level VR condition is more
novel than learning in a low-level VR condition. According to the definition of the
novelty effect, it is predicted that individuals’ motivation will increase in a high-level VR
condition when they come from a low-level VR condition.

Furthermore, motivation influences individuals’ conscious and unconscious

psychological behaviors by adjusting attention resources. It has the capability to enhance
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the sensibility of selective attention (Engelmann & Pessoa, 2007) and maintain
individuals’ focused attention (Robinson et al., 2012; Simon, 1994; Tomporowski &
Tinsley, 1996). At the same time, the attention system directly controls the whole
perception process (Wicken, 1992). Prior research showed that sufficient, involuntary
focused attention is the pre-condition of generating spatial presence in a VR environment
(Bystrom, Barfield, & Hendrix, 1999; Wirth et al., 2007; Witmer & Singer, 1998). When
individuals were engaging in an environment with little blatant disturbance, motivation
positively influenced individuals’ unconscious embodied perceptions (Zestcott, 2017).

Moreover, motivation influences engagement and learning achievement. Both
CATLM and prior case studies asserted that motivation positively influences individuals’
engagement and engagement is critical for constructing new knowledge (Hou & Li, 2014;
Hsu et al., 2012; Keller et al., 2011; Moreno & Mayer, 2007; Schiiler, 2007). There are
also studies that showed the positive effect of motivation on learning (Keller, 2010; Lee
et al., 2010; Lepper & Iyengar, 2005; Pintrich, 2003; Svinicki, 2004). Therefore, when
individuals are in a high-level VR condition, their engagement and learning achievement
may also increase.

Attenuation of the novelty effect in VR learning. Berlyne (1970) studied the
relationships among novelty, complexity, and hedonic value. He found that individuals’
interest in complex novel stimulus was more durable than simple novel ones. In his study,
complexity referred in particular to visual complexity, which covered several different
properties, such as “the number of distinguishable elements, dissimilarity between
elements, and the degree to which several elements were responded to as a unit” (Berlyne

& Parham, 1968, p. 377). He explained that this was because “rewarding effects of
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perceptual processing came into play” (Berlyne, 1970, p. 285). A positive habituation was
the pre-condition that a stimulus condition was pleasant and rewarding. Compared with
complex stimulus, individuals would be more easily preponderated by the tedium factor
after repeatedly encountered simple stimulus.

A typical high-level VR condition has more powerful features to facilitate
individuals operating the avatar in the virtual environment. For example, an individual
has two controllers and can tactilely perceive virtual objects in a high-level VR condition.
Therefore, the stimuli in a high-level VR condition are more diversified and complex
than a low-level VR condition in most occasions. According to Berlyne’s explanation of
the relationship among novelty, complexity, and hedonic value (Berlyne, 1970),
individuals’ motivation should decrease more slowly in a high-level VR condition after
the novelty effect happens than in a low-level VR condition.

Furthermore, as it was reviewed in the last subsection, motivation may positively
influence presence, sense of embodiment, and engagement. Thus, it is predicted that
individuals’ presence, sense of embodiment, and engagement decrease more slowly in a
high-level VR condition after the novelty effect happens than in a low-level VR
condition, respectively.

Finally, besides the positive effectiveness of motivation, a high-level VR
condition is embedded the capability of embodied learning. According to the embodied
cognition and the embodied learning theories, learning with manipulation off-loads
cognitive work onto the environment and body action aids learning (Goldin-Meadow,
2011; Johnson-Glenberg, 2018; Wilson, 2002). Therefore, individuals’ learning in a high-
level VR condition has the potential to reach a higher rate of knowledge-retention than in
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a low-level VR condition. Since prior knowledge is critical for constructing new
knowledge, embodied learning should benefit the individual to learn relevant content in
the future. Thus, due to the positive effectiveness of motivation and the potential of
embodied learning in a high-level VR condition, it is predicted that individuals’ learning
achievement decreases more slowly in a high-level VR condition after the novelty effect
happens than in a low-level VR condition.

Summary. In conclusion, a high-level VR condition is more novel and complex
than a low-level VR condition. It is predicted that when individuals come to the high-
level VR condition from the low-level VR condition, their motivation will increase. Due
to the possible influence of motivation, their presence, sense of embodiment,
engagement, and learning achievement may also increase at the same time. After reaching
peak values, their values will decrease. It is predicted that their values will have a slower
decrease in a high-level VR condition than in a low-level VR condition. This slower
decrease may be attributed to the rewarding effect of perception and the strength of
embodied learning in knowledge retention. Figure 3 is a diagram that describes the
influence of novelty on assessed factors based on predictions in this section. It is
appliable to the possible changes of presence, sense of embodiment, motivation,

engagement, and learning achievement over time.
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Figure 3. The influence of novelty on the assessed factors based on predictions. “1”
represents the decrease in a high-level VR condition. “2” represents the increase from a
low-level VR condition to a high-level one. “3” represents the decrease in a low-level VR

condition.

Related predictions are:

P1: Presence will increase in a high-level VR condition.

P2: Sense of embodiment will increase in a high-level VR condition.

P3: Motivation will increase in a high-level VR condition.

P4: Engagement will increase in a high-level VR condition.

P5: Learning achievement will increase in a high-level VR condition.

P6: Presence will decrease more slowly in a high-level VR condition than in a
low-level VR condition after the novelty effect happens.

P7: Sense of embodiment will decrease more slowly in a high-level VR condition
than in a low-level VR condition after the novelty effect happens.

P8: Motivation will decrease more slowly in a high-level VR condition than in a

low-level VR condition after the novelty effect happens.
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P9: Engagement will decrease more slowly in a high-level VR condition than in a
low-level VR condition after the novelty effect happens.
P10: Learning achievement will decrease more slowly in a high-level VR

condition than in a low-level VR condition after the novelty effect happens.
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CHAPTER 3
METHODS

The purpose of this study was to explore and understand the impact of novelty on
an effective VR STEM learning experience. It included three research questions: (1) How
does the VR condition impact an effective VR learning experience, (2) How much can
the novelty effect influence the VR learning experience, and (3) How does the
effectiveness of a VR condition change after the novelty effect happens.

In order to answer these questions, the study employed a multi-session mixed-
methods experimental design (Creswell & Clark, 2017). Specifically, the research was
conducted based on an experiment which included three repeated but independent
sessions. In addition, participants were randomly assigned into three groups and treated
differently through sessions. Participants’ scores in pre- and post-tests, psychological
scales, and session quizzes were collected. Their responses in interviews were audio
recorded.

The quantitative strand took the primary role in this study. In order to answer the
first question, the structural equation modeling (SEM) method was used to validate the
hypothesized model proposed in the literature review chapter and establish the causal
relationships among factors. SEM integrates the measurement and structural approaches
in a generalized analytical framework (Wang & Wang, 2012). It allows researchers to
directly identify the quality of a proposed model and the causal relationships among
factors in the model with directly statistical data. Thus, SEM is appropriate, both for
validating the proposed model that describes how VR affects an effective learning

experience and for establishing the causal relationships among the factors in the model.
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In addition, due to dropout, the proportion of incomplete cases was larger than
15% 1in the study (27 out of 77). The quantitative data analysis to answer the second and
the third questions was conducted under the framework of the multiple imputation
method. Compared to traditional methods for handling missing data (e.g., listwise, simple
regression imputation, mean imputation), the multiple imputation method shows its
strength in minimizing bias for estimates when the proportion of missing data is large
(Rubin, 2004; Buuren, 2018). Therefore, the multiple imputation method was chosen to
handle incomplete data in this study.

The specific tasks of the qualitative strand were to triangulate and explain the
quantitative results in this study. This is because due to the relatively high cost of a VR
experiment in money and time, this VR learning study was hard to reach the minimum
sample size recommended by the priori power analysis for the quantitative data
comparison. Besides that, the qualitative method can reveal “the complexity of human
life [...... ] with many moving parts” (Creswell, 2016, p 32). It helps researchers
understand and answer questions like “how” and “why” that are associated with complex
phenomena. This is what quantitative methods cannot do.

The following sections describes the participants, materials, and procedure in the

experiment. Then it introduces the specific phases in data analysis.

Participants

The experimental recruitment information was posted on one SONA system in the
Polytechnic campus and one SONA system in the Tempe campus at Arizona State
University in Fall 2019 after the approvement of the university human subjects
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institutional review board (IRB). Exclusion criteria were: (1) a serious cybersickness
history and (2) the age was younger than 18. A total of 77 undergraduate students were
finally recruited in the experiment. Table 2 shows their demographics. The incentives
were course credits and Amazon eGift Cards. Furthermore, as a multiple session
experiment, dropout happened during the experiment. The second session had 64
participants, while the third session only had 50 participants.

Table 2

Experimental Participants

Number Percentage
Gender Male 52 67.53
Female 25 32.47
Major Engineering 45 58.44
Science 14 18.18
Business and Humanity 18 23.38
Age 18 41 53.25
19 17 22.08
20-21 7 9.09
>21 12 15.58
Race American Indian, Alaska 7 9.09
Native, and other races
Asian or Asian American 12 15.58
Black or African American 6 7.79
Hispanic or Latino 16 20.78
White or Caucasian 36 46.75

Materials

The VR experimental environment, questions for the pre- and post-tests, the
instrument for a survey questionnaire, and questions for session quizzes were prepared
before the experiment. The preparation of the VR experimental environment involved VR
systems and the VR application. Questions for the pre- and post-tests included questions

for a mental rotation test and questions for an astronomy knowledge test. The instrument
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was developed based on existing instruments in literature. After content validity and face
validity were obtained, the instrument was deployed on an online system as a survey
questionnaire in this experiment. The quiz questions were developed based on the revised
Bloom’s taxonomy in cognitive domain (Krathwohl & Anderson, 2009). It was deployed
on another online system after obtained content validity and face validity.

Experimental environment. Hardware. This experiment employed one suite of
the Oculus Rift system, one suite of the Oculus Go system, and a laptop with the NVIDIA
GTX 1060 graphics card. These facilities were used to establish two different learning
environments: a VR condition with a high degree of immersion and embodiment, namely
a high-level VR condition, and another VR condition with a low degree of immersion and
embodiment, namely a low-level VR condition.

Software. Titan of Space was selected to be used in this experiment. This is a VR

STEM education application developed by DrashVR, LLC (http://www.drashvr.com/). It

allows an individual to engage in a virtual tour through the solar system. The individual
can learn the basic information of celestial bodies in the solar system (i.e., size, distance,
and components) through text reading, 3-D observation, and manipulation. The learning
difficulty is stable across scenarios. In this experiment, its contents were evenly separated
to four sections with a consideration of the integrity of learning content and the time
spent: (1) Earth, Mercury, Venus, Mars and their moons; (2) Ceres, Jupiter and its moons;
(3) Saturn and its moons; (4) Chariklo, Uranus, Neptune, Pluto, and their moons. In the
self-paced guided tour mode, an individual needed approximately 15-20 minutes to
complete the learning task in each section which includes all reading and manipulation

work. The corresponding manuscript for instruction were prepared at the same time.
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Furthermore, Titan of Space has versions for both the Oculus Rift and the Oculus
Go systems. Titans of Space Plus 2.5.7 and Titans of Space (mobile) were installed on the
Oculus Rift and the Oculus Go systems respectively in this experiment. A significant
advantage of Titans of Space Plus 2.5.7, namely the Rift version, is that the individual
can fly out of the virtual spaceship, grab, rotate, and look around a celestial body from
any angle. The Go version does not afford these functions.

Pre- and post-tests. Pre- and post-tests were designed to examine participants’
spatial capability and astronomy knowledge. The tests included a mental rotation test and
an astronomy knowledge test. The mental rotation test used the first 12 items in Peters
and his colleagues’ redrawn Vanderg and Kuse mental rotations test (Peters et al., 1995).
Items were printed on two separate pages with another two introduction pages attached in
the test booklet. Each item has a target figure shown on the left and four figures on the
right as options. Only two of the options are the rotated versions of the target figure. The
scoring method in this experiment was consistent with its original design. That is one
point per item, in which a participant should correctly identified the two options that
match the target figure. The maximum score was 12. Due to the request of Dr. Peters, the
mental rotation test only took the form of paper-and-pen. The purpose of using mental
rotation test in this experiment was to examine the possible effect of VR learning on
individuals’ capability of mental rotations. The astronomy knowledge test involved
ranking the eight planets from smallest to biggest and from closest to furthest away from
the sun. The scoring method was one point for one correct ranking place, and the total
score was 16. The astronomy knowledge test was deployed on an online survey system

named SurveyMonkey [link: https://www.surveymonkey.com/]. The score of the pre-
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astronomy knowledge test was used as the indicator of participants’ prior knowledge,
while the difference between the scores in the pre- and the post- astronomy knowledge
tests represented the effectiveness of a VR condition in instructing spatial knowledge.
Instrument development. Following the instrument development process
introduced by McCoach, Gable, and Madura (2013), the instrument was developed in
four steps: (1) literature reading and existing similar instruments search, (2) item writing
or revision, (3) content validity assessment, and (4) face validity assessment. Table 3 is
the instruments referred to in this study. Most referred instruments are either directly
from or supported by the creators of relevant theories. The instrument of sense of
embodiment is from a compilation of related items in prior literature. Items in these
instruments had been purposefully selected and situated into the VR learning context.

Table 3

Relevant Instruments in the Literature

Number of
Author(s) Items Used Factor
Slater, Khanna, Mortensen, and Yu (2009) 4 Presence
Gonzalez-franco and Peck (2018) 7 Sense of embodiment
Deci and Ryan (1994) 4 Intrinsic motivation
Cierniak, Scheiter, & Gerjets (2009) 3 Cognitive load
Jackson, Eklund, and Martin (2004) 7 Engagement

Furthermore, a 0- to 100-point slider interfaces instead of Likert scales was used
in this instrument in this study. This is because granular measurement tools (e.g., S-point
Likert scales) are regarded as not sensitive to within-person changes over time, and fine-
grained measures (e.g., 0- to 100-point slider interface) are recommended (Grimm, Ram,

& Estabrook, 2016).
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Both content validity and face validity were obtained before the formal test
started. A professor with expertise in VR STEM education evaluated the accuracy of the
items. Five undergraduate and graduate students who were interested in VR education
judged whether the items’ content could be understood by undergraduate students and
whether this instrument could be used to measure students’ learning experience in a VR
experiment. After content validity and face validity were obtained, a total of 25 items
were remained in the final instrument. The final instrument was then deployed onto the

SurveyMonkey website [link: https://www.surveymonkey.com/] as a survey

questionnaire.

Session quiz development. Corresponding to the prepared learning content for
each section, four sets of quiz questions were developed before the experiment. They
were deployed on an online quiz system named ClassMarker [link:

https://www.classmarker.com/]. The development of quiz questions was based on the

revised Bloom’s taxonomy in cognitive domain (Krathwohl & Anderson, 2009). The
revised Bloom’s taxonomy defines six dimensions of cognitive process based on their
complexity. The quiz in this experiment included four types of questions and investigated
participants’ learning in three out of these six dimensions. The three dimensions are
remember, understand, and evaluate.

The dimension of remember. Remembering involves retrieving knowledge from
long-term memory (Krathwohl & Anderson, 2009). There was one recognizing question
and two recalling questions to investigate participants’ learning in this dimension per

quiz.
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The recognizing question. Participants needed to connect the images of four
different celestial bodies to their names per quiz. These four celestial bodies and their
images had been shown in that day’s VR learning content. Figure 4 is an example of the

recognizing question.

Please match these images of celestial bodies to their names

Select v

Select v
Select v
Select v

Figure 4. An example of the recognizing questions
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The recalling question. There were two recalling questions per quiz. Its purpose
was to investigate whether participants could clearly remember the characteristics of
celestial bodies that they had learned on that day. The common question design was that
participants were imagined to build a settlement on a celestial body, they needed to point
out the geological and / or climatic and / or orbit characteristics on the celestial body
based on what they had learned in the VR tour. Figure 5 is an example of the recalling

questions.

Imagine that you are planning to build a settlement on a celestial body. Please complete the
following questions (Question 3 to Question 7) based on what you have learned in the VR tour.

Can you name any characteristics about the geclogy, climate, or orbit of Mercury? (please give at
least 3 ideas, they should be from the learning content)

Figure 5. An example of the recalling questions

The dimension of understand. Understanding is related to construct new
information with an organizational structure, interpret the knowledge with the learner’s
own words, and transfer prior knowledge to a new context (Krathwohl & Anderson,
2009). There were two questions per quiz to investigate participants’ learning in this
dimension. These questions followed participants’ answers to the recalling questions. The
common question design was that participants needed to point out what life on the

celestial body would be like. Figure 6 is an example of the understanding questions.
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What would life be like on Mercury? (please give at least 3 ideas with explanations, they should be
from the learning content)

Figure 6. An example of the understanding questions

The dimension of evaluate. Evaluate is to put scattered information together to
form a whole and make judgement (Krathwohl & Anderson, 2009). After completed the
questions that tested the cognitive process of understanding, participants would need to
answer which celestial body had greater potential for human to live. Figure 7 is an

example of the evaluating questions.

Which planet do you think has greater potential for humans to live on: Mercury or Mars? Please
explain your answer by comparing and contrasting the two planets (please give at least 3 ideas,
they should be from the learning content).

Figure 7. An example of the valuating questions

Experimental Design

The experiment had three sessions with three groups of participants. The materials
of VR training and learning in the three sessions were from the content of the VR
application Titans of Space. Specifically, the content of training was its first section,
which included Earth, Mercury, Venus, Mars and their moons; the content of session 1
learning task was its second section, which included Ceres, Jupiter and its moons; the

content of session 2 learning task was its third section, which included Saturn and its
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moons; the content of session 3 learning task was its fourth section, which included
Chariklo, Uranus, Neptune, Pluto, and their moons.

The three groups were named as the Go group, the Go-Rift group, and the Rift
group. Participants in the Go group used the Go-version VR application to learn across
sessions. It was to simulate a continuous learning experience in a low-level VR condition.
Participants in the Go-Rift group used the Go-version VR application in the first two
sessions and then used the Rift-version VR application in the third session. This was to
simulate a change of the learning environment, which was from a low-level to a high-
level VR condition, which is namely a novel condition. Participants in the Rift group
used the Rift-version VR application to learn across sessions. This was to simulate a
continuous learning experience in a high-level VR condition. After participants
completed the VR learning task, they needed to fill in the survey questionnaire and
answer the quiz immediately in each session.

If a session was the first time that a participant engaged in one of the two VR
conditions, a short VR training (less than 10 minutes) was provided before the participant
started the formal VR learning. Otherwise, the participant was only required to read the
instruction and the sample quiz (questions for the content of training) before learning,
which helped the participant recall the key points in the learning task.

Pre-test and post-test were assigned at the beginning of the first session and the
end of the third session, respectively. The pre-test and the post-test had the same
questions. Both included an online astronomy knowledge test and a three-minute paper-
based mental rotation test. There were two purposes for designing the pre- and post-tests

in this experiment. One was to ensure that the cognitive level of the participants in these
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three groups was generally similar, so that the data collected during and after the
experiment were comparable among groups. The other was to check whether participants’
spatial skills and astronomy knowledge increased after this VR learning activity.

Table 4 shows the experimental arrangement for each session in each group. The
tasks that participants took were different among sessions within a group and the tasks
that participants took at the same session were also different among groups. For example,
when a participant in the Go group started the first session experiment, this participant
would (1) take a pre-test, (2) read the sample quiz, (3) take a Oculus Go system training,
(4) complete the session 1 VR learning task, (5) finish the VR experience questionnaire
and the session 1 quiz in sequence; when this participant engaged in the second session
experiment, this participant only needed to (1) read the instruction and the sample quiz;
(2) complete the session 2 VR learning task, and (3) finish the VR experience

questionnaire and the session 2 quiz.
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Table 4

The Experimental Arrangement for Each Session in Each Group

Group Session 1 Session 2 Session 3
VR System Oculus Go Oculus Go Oculus Go
Tasks before Pre-test . Instruction Instruction
learning Sample guiz Sample quiz Sample quiz
Go Go training
Learning task | Session 1 content | Session 2 content | Session 3 content
Tasks after Questionnaire Questionnaire Ques'tlonnalr‘e
learning Session 1 quiz Session 2 quiz Session 3 quiz
Post-test
VR System Oculus Go Oculus Go Oculus Rift
Tasks before | Lo St Instruction Sample quiz
learning Sample quiz Sample quiz Rift training
Go- Go training
Rift | Learning task | Session I content | Session 2 content | Session 3 content
Tasks after Questionnaire Questionnaire Ques'tlonnalr‘e
learning Session 1 quiz Session 2 quiz Session 3 quiz
Post-test
VR System Oculus Rift Oculus Rift Oculus Rift
Pre- . .
Tasks before re-test Instruction Instruction
learning Sample quiz Sample quiz Sample quiz
Rift training
Rift | Learnin . . .
£ Session 1 content | Session 2 content | Session 3 content
content
Tasks after Questionnaire Questionnaire Ques't10nna1r‘e
learning Session 1 quiz Session 2 quiz Session 3 quiz
Post-test

Interview Design

Participants were randomly selected to be interviewed immediately after they
finished other tasks in the third session, respectively. The form of interview was one-to-
one. The questions were semi-structured and related to the assessed factors in this study
(i.e., presence, sense of embodiment, motivation, cognitive load, engagement, and
perceived learning effectiveness). In general, there were two types of questions for each

assessed factor. The first type was asking interviewees to describe their general feelings
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with explanations. For example, the question “Did you have a sense of being in the
universe when you were in the virtual tour? Or a sense of being in the real-world?” was
to assess the degree of presence that an interviewee felt. “Did you feel that you could
control the virtual body as if it was your own?” was to evaluate interviewees’ sense of
embodiment in the VR learning experience. The second type of questions were asking
interviewees to provide a ranking of their feelings across sessions. For example, a follow-
up question of “Did you have a sense of being in the universe when you were in the
virtual tour? Or a sense of being in the real-world?” was “Did this sense change across
sessions? If there were changes, how and why? Could you give me an order from most to

least sense of being in the universe?”.

Procedure

Participants were randomly assigned into the three groups and engaged in this
study thrice, respectively. The interval between two neighboring sessions was 4-7 days.
The first 40 participants were equally assigned into the three groups. However, the Rift
group showed a higher attrition rate than the other two groups. Thus, more participants
were assigned into the Rift group than the other two groups in the later 37 ones, but the
assignment was still random. The purpose was to guarantee that there were roughly the
same number of participants who completed the three sessions among groups.

Procedure of the mental rotation test. The questions in the mental rotation test
were the same in the pre-test and post-test stages. The questions were offered by Dr.
Michael Peters directly. Based on Dr. Peters’ request of keeping the test questions private,
this test was paper based. The experimenters first offered the introduction page of the
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mental rotations test to participants to read, so that they could understand what mental
rotation is and how to answer questions in the test. When participant felt that they were
ready for the test, they would inform the experimenter. Then the experimenter simply
introduced the test requirement to the participant, “There are 12 items in the test paper.
However, the test time is only 3 minutes. Therefore, you do not have to finish all these
questions, but try to make sure that your answers are correct.” After it, participants would
start their test. Three minutes later, the experimenter would say: “Time is up.” The
participant would stop the test and submit the test paper to the experimenter.

Procedure of the Go-version VR training. The Go-version VR training required
approximately 6 minutes. The experimenters offered two documents named Go-version
training instruction (this document is a part of the document experimental instructions)
and sample quiz to participants to read first. After showing these two documents, the
experimenter said “Please read these two documents first. After that, you will wear the
headset, engage in the VR environment, and do the VR training task introduced in the
training task document by steps. Questions in the sample quiz are similar to the questions
in the quiz that you need to answer after the VR learning task. Reading this sample helps
you understand the learning goal in the VR experience”. Then the participant would start
reading these two documents. When the participant felt ready, they informed the
experimenter. The experimenter summarized the training task and introduced the Go VR
system to the participant. The experimenter indicated that the trigger button on the
controller was the only useful button in this study. Next, the participant would wear the
Go headset and a pair of headphones, hold the controller with the dominant hand, and

start to implement the training task by him or herself. After approximately 3.5 minutes of
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experience, the experimenter asked the participant whether he or she could freely control
the VR application. If the response was yes, the experimenter would remove the
participant’s headset. If no, the experimenter would communicate with the participant,
find and solve possible problems.

Procedure of the Rift-version VR training. The Rift-version VR training
required 8-10 minutes. The experimenters offered two documents named Rift-version
training instruction and sample quiz to participants to read first. After showing these two
documents, the experimenter said “Please read these two documents first. After that, you
will wear the headset, engage in the VR environment, and do the training task introduced
in the document by steps. Questions in the sample quiz are similar to the questions in the
quiz that you need to answer after the VR learning task. Reading this sample helps you
understand the learning goal in the VR experience”. Then the participant would start
reading these two documents. When the participant felt ready, they informed the
experimenter. The experimenter summarized the training task and introduced the Rift VR
system to the participant. Particularly, the experimenter held the trigger button on the
controller, and said that the participant could freely rotate a celestial body or grab the
surface of a celestial body when the first-person avatar touched the surface of the celestial
body in the VR environment. Next, the participant would wear the Rift headset, hold the
controllers on both hands, and start the training task by him or herself. There were four
steps or named skills that the participant needed to master in the training process: (1)
reading text information on the dashboard by pages, (2) clicking the buttons on the two
sides of the dashboard, (3) holding the trigger button and freely rotating the celestial
body, and (4) flying out of the spaceship and grab the surface of the celestial body like
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climbing a mountain. When both the participant and the experimenter felt that the
participant had mastered the skills and was ready for the formal VR learning, the
experimenter would remove the participant’s headset.

Procedure of the VR learning task. If there was a VR training before the formal
learning task (i.e., the first session in the three groups, and the third session in the Go-Rift
group), the experimenter would introduce the learning task to participants after they
finished their training tasks. Then these participants started their formal VR learning
experience. If there was not a VR training (i.e., the second and third sessions in the Go
and Rift groups respectively, the second session in the Go-Rift group), the experimenters
asked participants to read the documents of Go-version training instruction or Rift-
version training instruction and sample quiz first. The experimenter also explained to the
participant that reading these documents helped them recall what they had learned in the
previous session(s). When the participant felt ready, they informed the experimenter. The
experimenter showed the participant the corresponding learning instruction document and
summarized the learning task. Then the participant started the VR learning experience.
Participants assigned with the Go VR system wore the Go headset and a pair of
headphones, held the controller with the dominant hand. Participants assigned with the
Rift VR system wore the Rift headset and held the controllers on both hands.

To minimize the difference in time spent across groups and sessions, the
following rules of learning duration were taken:

1. Participants who finished the first-round learning in 15 minutes could learn
again based on their willingness. The maximum learning time was 20 minutes.

When 20 minutes was reached in the middle of the second-round learning, the
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experimenter removed the participant’s headset. If 20 minutes was still not
reached after the second-round learning, the experimenter also removed the
participant’s headset directly to avoid participants’ perceived boredom.

2. If participants spent more than 15 minutes to finish the first-round learning,
they did not have the opportunity to learn again. The experimenter removed
the participant’s headset directly after they finished learning.

Procedure of other tasks. Participants sat in front of a laptop and answered the
questions in the astronomy knowledge test, questionnaire, or quizzes. There was no time
limitation. A total of 20 participants were randomly selected to be interviewed after they
finished other tasks in the third session. The interview was face-to-face, and audio
recorded after the permission of interviewees. Most interviews were completed in 20

minutes.

Data Analysis

Data analysis was conducted in four phases. They were grading quizzes, structure
equation modeling (SEM), quantitative data comparison, and qualitative data analysis.
Phase I (grading quizzes) was the starting point of data analysis. It focused on providing
unbiased grades for participants’ responses to the quizzes in each session. The grading
rubric was developed after all items were graded by the first researcher. Then a second
researcher was involved to improve the rubric and establish the interrater reliability of the
grading results. When the actual data exceeded the recommended threshold value of

inter-rater reliability, the grading results were used as the measurement of participants’
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learning achievement. This phase was indispensable for establishing the learning model
in phase II and comparing participants’ learning achievement in phase III.

Phase I (SEM) aimed to validate the hypothesized model proposed in the
literature review chapter. It included a priori power analysis, an exploratory factor
analysis (EFA), a confirmatory factor analysis (CFA), and an assessment of the structural
model. A priori power analysis provided evidence whether the sample size was enough
for SEM with anticipated effect size. EFA checked the unidimensionality of all factors in
the model and confirmed that the model could be analyzed as a standard confirmatory
model at the next step. CFA assessed the confirmatory model, namely the measurement
model, with multiple goodness-of-fit indices and provided evidence for convergent
validity and discriminant validity. The assessment of structure model was to estimate and
interpret the magnitude of causal effect between assessed variables based on the
measurement model. It also reported the good-of-fit indices for the structural model. This
procedure was consistent with a two-step SEM process (Anderson & Gerbing, 1988).
That is, a well-rounded measurement model is the foundation of the final structural
model.

Phase III (data comparison) focused on data comparison. The primary analysis
was performed under the framework of the multiple imputation method, while secondary
analysis was performed using data from participants who completed the three sessions in
the experiment. The multiple imputation method included three steps: imputation,
analysis, and pooling. Following the strategies recommended by Buuren (2018), a
predictor model was established in the imputation step. This predictor model helped the

researcher impute missing data and then conduct data analysis. The specific data analysis
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included assessing the changes of each factor from the first session to the third session for
both the Go group and the Rift group, and comparing the value of each factor between
the second session and the third session for the Go-Rift group. A comparison of pre- and
post-test scores among groups was also a part of the analysis work. The secondary
analysis did the same comparison as the primary analysis. Its purpose was to validate the
analysis results after multiple imputation.

Phase IV (qualitative analysis) interpreted interviewees’ perceptions and
experience in the VR learning experiment. It included a two-round process. The first
round was conducted based on a series of questions in longitudinal qualitative inquiry
(Saldaiia, 2002). Its purpose was to explore the possible changes among sessions within
each group and differences among groups in the same session. The second-round analysis
reorganized the first-round results. It directly focused on triangulating and understanding
the significant effects or changes found in the quantitative results.

Phase I: Grading quizzes. There were four types of questions in the quiz taken
in each session: recognizing question, recalling question, understanding question, and
evaluating question. The grading of recognizing questions was completed automatedly by
the online quiz system. Its scoring method was one point for one correct match between
the image of a celestial body and its name. A participant could get four points if this
participant correctly answered all the four recognizing questions in a quiz. Manual
grading was required for the remaining questions in each quiz. The revised Bloom’s
taxonomy was used to guide the manual grading process. After the first-round grading, an
initial version of the manual grading rubric was developed. Then the second researcher

was invited to grade a total of 75 items (25 per quiz) with this rubric.
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When the second researcher completed his grading, the two researchers met
together to discuss their grading results and possible issues in the rubric. Then the first
researcher revised the rubric, and updated the scores for all the 191 items, while the
second researcher graded another 30 items (10 per quiz) with the revised rubric.

After the second-round grading, Pearson’s correlation coefficient (Hunt &
Dentistry, 1986) was used to measure the agreement and consistency between the two
researchers for their grading on the 30 items. The reason of using Pearson’s correlation
coefficient to measure the interrater reliability was because the quiz score was a
continuous variable, and the grading results showed that it was normally distributed. The
threshold value was r = 0.8, as r > 0.8 represents a very strong correlation (Evans, 1996).

Manual grading rubric. The rubric was congruent with the design principle of
session quizzes in the experiment. That is, participants’ VR learning achievement should
be well presented from multiple dimensions. The specific dimensions assessed included
remember, understand, and evaluate. A participant’s quiz score was all points that the
participant obtained in a quiz in that session. There was no limit on how many scores a
participant could have in a quiz. The principles of assessing participants’ knowledge were
as follows:

The dimension of remember. Only the question that assessed participants’ recalling
of knowledge needed to be manually graded. Recall means retrieving the relevant
knowledge directly from long-term memory, such as recollecting a friend’s birthday
(Krathwohl & Anderson, 2009). The question that assessed participants’ capability of
recalling knowledge was “Imagine that you are planning to build a settlement on a

celestial body. [...... ] Can you name any characteristics about the geology, climate, or
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orbit of [the name of a celestial body]? (please give at least 3 ideas, they should be from
the learning content)”.

The grading rule was one point per correct fact. This fact could be either from
text information in the VR environment, such as “Io has 400 active volcanos” or from
visual observation, such as “Enceladus has a dark side”. The criterion were: (1) this fact
had been introduced in the VR application, (2) it was relevant to the question, (3) and the
fact was not common knowledge that everyone knows, such as “Jupiter is a planet”.

The dimension of understand. Understand means individuals already know how to
construct meaning from learning materials and build connections between new pieces of
knowledges and between new knowledge and prior knowledge (Krathwohl & Anderson,
2009). Classifying, summarizing, and explaining are three sub-cognitive processes in this
dimension (Krathwohl & Anderson, 2009). The design of questions for the dimension of
understand in quizzes was “What the life would be like on [the name of a celestial
body]?”. To answer this type of question, participants first classified all facts that they
had learned in the VR experience by whether the fact might influence humans’ life on the
target celestial body. Then they were instructed to present their ideas with those facts
which might influence human’s life. Some participants generalized their ideas to a theme
at the beginning or summarize their ideas as a single statement at the end, or both. It had
two grading rules:

1. One point per idea. “ldea” meant something new, but not an explanation of a
fact which was not directly related to life. This idea should be supported by explanations
or facts. For example, “the volcanoes could cause life to be dangerous”. Another example

was, “IO has huge amount of radiation [, which] will harm the live thing.” Independent
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ideas without explanation or facts to support could not get points. For example, “It would
be a struggle to travel, difficult to find something nice to look at, difficult to stay for
long.” Moreover, common knowledge, such as “humans cannot breathe due to lacking
oxygen”, also could not get any point.

2. The theme and summary generalized from idea(s) also could get points. One
point per theme or summary. The relationship between a theme / summary and ideas
should be understandable.

Example 1:

Life on Io would be almost impossible for humans at A theme, 1 point

the very least.

With the 400+ volcanoes located on the celestial body, | An idea, 1 point

the threat of lava would always be prevalent.

The sulfur deposits would also make building on top An idea, 1 point

much more difficult.
Example 2:

Life on Enceladus would be [......] would probably A theme, 1 point
sustain life pretty well,

with all the water one needs to live readily available,
which could be converted to fuel machinery An idea, 1 point
and breathe. An idea, 1 point

The dimension of evaluate. Evaluate is defined as making judgements based on
standards (Krathwohl & Anderson, 2009). The standards can be quality, effectiveness,
efficiency and any other factors that are regarded as important by either students or
teachers (Krathwohl & Anderson, 2009). In this study, participants were required to use
their standards to decide which celestial body had greater potential for human to live on.
This standard should be presented through comparing the two celestial bodies listed in

the question. The design of questions for the dimension of evaluate in quizzes was
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“Which celestial body do you think has greater potential for humans to live on: [the first
celestial body name] or [the second celestial body name]?”.

The grading rule of responses to the evaluating questions was one point per
criterion. Some responses did not include any structured comparison or contrast but
showed very persuasive advantages or weaknesses of one celestial body which might
influence the potential that humans live on the celestial body. This type of answer still
could get points. For example, “Europe itself has water which is the source for all living
things.” Furthermore, some participants answered that human could not live on both
celestial bodies and provided reasons. If their reasons made sense, their responses could
get point(s). For example, “Neither if an option, the length of time to solely reach these
two bodies would outweigh the positives of living there.” In addition, an uncertain but
imaginative reason was acceptable. For example, “While they’re both relatively devoid of
craters, [Triton] having Neptune as an orbital neighbor seems handier for avoiding
asteroids than having another dwarf planet.” However, a list of abstract factors without
any analysis could not get a point. For example, “Europa has a greater potential because
of the proximity, chemical make-up, and temperature.”

Phase II: Structure equation modeling (SEM). The priori power analysis. In
general, there is still no consensus about the minimum sample size in a study where SEM
is used. In this study, the minimum sample size was calculated by the power analysis
framework proposed by Westland (2010). With anticipated effect size 0.30, desired
statistical power level 0.80, number of latent variables 6, number of observed variables
25, and p value 0.05 entered into the web program provided by Soper (2020), the
program displayed that the minimum sample size to detect effect was 161, the minimum
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sample size for model structure was 94, and recommended minimum sample size was
161. Therefore, the 191 cases collected in this experiment was enough for SEM.

EFA. There were three steps in the SEM phase. First, an EFA was conducted on
the collected cases with SPSS 25. Its purpose was to check the unidimensionality of all
factors in the model and to ensure that the item loadings were in line with the factors used
in prior research (Cheng et al., 2014). The Kaiser-Meyer—Olkin measure of sampling
adequacy (0.755) and statistically significant Bartlett’s test of sphericity (p < 0.001)
indicated that EFA was applicable to the dataset. A combination of the scree plot (Cattell,
1966) and parallel analysis (Horn, 1965; O’Connor, 2000) was used to estimate the
probable number of factors to retain. The factor extraction method was principal axis
factoring (PAF). Since oblique rotation techniques can be used whenever the factors are
correlated (McCoach, Gable, & Madura, 2013), an oblique rotation method (i.e., Promax
method) was chosen to improve the interpretation of factors. The criteria for retaining
items were: (1) all final items load > 0.40 on one factor and < 0.30 on all other factors
and (2) if a factor had at least three items, its Cronbach’s o > 0.70.

CFA. As the second step of SEM, CFA was conducted with Mplus 7.4. First, the
nature of collected data was checked to decide the type of estimator. This is because
Maximum Likelihood (ML) estimation, the default estimator in Mplus, assumes that data
are multivariate normally distributed (Enders, 2010a). Using this estimator may cause
bias for parameter estimate on multivariate non-normal data. In this step, potential
outliers were identified as well. Outliers are data that reside further than 1.5 times the
interquartile range (IQR) from the median number. Retaining outliers in analysis may

undermine the results of normality analysis (Hair, Black, & Babin, 2009). Therefore,
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researchers need to investigate the possible outliers and determine whether these data can
be retained. In addition, the recommended acceptable range of univariate skewness in
CFA is between -2 and 2, the range of kurtosis is between -7 and 7 (Finney & Distefano,
2006; West, Finch, & Curran, 1995), and the value of multivariate kurtosis index
(Mardia’s normalized multivariate kurtosis) is between -3 and 3 (Bentler, 2006).

After the estimator was determined and identified outliers were removed, the
goodness-of-fit of the measurement model was assessed. Evidence that a model fits data
well in CFA included (1) Root Mean Square Error of Approximation (RMSEA) < 0.06
(Hu & Bentler, 1999); (2) Comparative Fit Index (CFI) / Tucker-Lewis Index (TLI) >
0.90 (Bentler & Bonett, 1980); (3) Standardized Root Mean Square Residual (SRMR) <
0.08 (Hu & Bentler, 1999).

In addition, convergent validity and discriminant validity were assessed for the
measurement model, respectively. Convergent validity requires items of a specific factor
converge or share a high proportion of variance in common (Hair et al., 2009). To assess
convergent validity, three measurements were used: (1) factor loadings, (2) average
variance extracted (AVE), and (3) composite reliability (CR).

To establish convergent validity, there should be high loadings for all items on a
factor. The threshold value of standardized factor loading is 0.50 (Hair et al., 2009).

AVE is the mean variance of the item loadings on a factor (Hair et al., 2009). It
can be calculated by the following equation:

AVE=Y7_,Lé/n
The L is the standardized factor loading. The k is the number of items. An AVE

higher than 0.50 is required for adequate convergence of the items on a factor.

64



CR indicates the internal consistency of items on a factor. It can be calculated by
the following equation:

CR = (Xkoy M)/ [(BR=1 A+ Ty D]

The 4iis the standardized factor loading. The ¢&; is the error variance. The & is the
number of items. CR is suggested to be higher than 0.70 (Hair et al., 2009).

Discriminant validity provides evidence that a factor is distinct from other factors.
Its value is determined by the AVE values of any two factors and the squared correlation
between these two factors. A ratio higher than one provides evidence for a high
discriminant validity.

Structural model. The final step of SEM was to assess the structural model,
which includes the causal relationships among factors. These relationships are
represented by the model’s parameter estimate (e.g., path coefficient, p-value). A
significant path coefficient would support its corresponding hypothesis proposed in the
literature review chapter. The indices of model-data fit were used again to determine
whether these relationships fitted well to the data.

In addition, when the structural model reached the criteria of good model-data fit,
a furthermore model modification would be conducted. Specifically, it was possible that
session and its interaction with VR condition would significantly influence participants’
perception and psychological responses. Therefore, extra paths from session and from its
interaction with VR condition to other factors were established and assessed.

Phase I1I: Data comparison. The priori power analysis. The priori power
analysis showed that it was hard for this VR learning study to reach the minimum sample

size for a desirable power in the quantitative data comparison. Specifically, it needed at
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least 159 samples in a one-way ANOVA omnibus test (f = 0.25, p = 0.05, power = 0.80,
number of groups = 3), 28 samples per group in a one-way repeated measures ANOVA
omnibus test (f = 0.25, p = 0.05, power = 0.80, number of measurements = 3), 128
samples in an independent samples T test (Cohen’s d = 0.50, p = 0.05, power = 0.80), and
34 samples in a paired-samples T test (Cohen’s d = 0.50, p = 0.05, power = 0.80).

Missing data statistics. A total of 77 students participated in the first session of
this experiment. Due to dropout, the number of participants in the second session was 64
and the number in the third session was 50. The main reasons of their dropout were: (1)
personal reasons, such as cybersickness, cold, family emergency, and did not need more
course credits; (2) objective reasons, such as the VR equipment could not work or was
not available and student did not obey the experimental rules; (3) unidentified reasons,
experimenters had sent emails to participants who did not show up on time, unidentified
means that experimenters did not receive any reply from the participant.

Table 5 is the statistics of dropouts and their reasons. Table 6 shows the number of
participants in each session for each group. The Rift group (41.94%) had a higher
attrition rate than the Go group (30.43%) and the Go-Rift group (30.43%). This might be
caused by its more complicated learning task and longer experimental time than the other
two groups in the first two sessions (see Table 7).

Table 5

The Statistics of Dropouts and Their Reasons

Session Reagons : =
Personal Objective Unidentified
Second 3 3 7
Third 4 2 8
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Table 6

The Number of Participants for Each Session in Each Group

Group Session 1 Session 2 Session 3 Sum
Go 23 19 16 58
Go-Rift 23 20 16 59
Rift 31 25 18 74
Sum 77 64 50 191
Table 7

VR Learning Time

Group Session 1 Session 2 Session 3
Go 710.34 (SD=276.52)  933.00 (SD=255.94)  854.63 (SD=225.80)
Go-Rift 648.64 (SD=256.59)  951.58 (SD=227.05) 1059.88 (SD=349.77)
Rift 1003.35 (SD=276.52)  1057.04 (SD=204.66) 1092.17 (SD=281.05)

Note. Unit: second

Furthermore, conducting a comparison between the completer and non-completer
groups is another important part of missing data analysis. This work was included in the
process of establishing the predictor model for multiple imputation. It will be introduced
in the following subsections.

Multiple imputation. The number of participants in the third session was 50. This
meant only 50 out of 77 cases were complete in this study. The rate of incomplete data
was approximately 35.06%. Compared to traditional methods for handling missing data
(e.g., listwise, simple regression imputation, mean imputation), the multiple imputation
method shows its strength in minimizing bias for estimates when the proportion of
missing data is large (Rubin, 2004; Buuren, 2018). Therefore, the multiple imputation
method was chosen to handle incomplete data in this study. In general, the multiple
imputation method includes three phases: imputation, analysis, and pooling (Enders,

2010d). In the imputation phase, several complete-case datasets are created with plausible
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data values for the missing data in the original dataset. After this, the statistical analysis is
performed on these complete-case datasets independently in the analysis phase. Finally,
the parameter estimates from different datasets are pooled into one estimate. In this study,
the imputation phase was implemented on the R platform, the analysis and pooling
phases were carried out on SPSS 25. Particularly, SPSS automatically finished the
pooling work after data were analyzed in each complete-case dataset.

Multivariate Imputation by Chained Equations (MICE). This study used the
implementation package of multivariate imputation by chained equations (MICE; Buuren
& Groothuis-Oudshoorn, 2011) on the R platform to create complete-case datasets in the
imputation phase. The MICE algorithm is an implementation of Gibbs sampling method
on the missing data imputation. Specifically, this algorithm involves a process that
repeatedly iterates all missing data and performs univariate regression imputation for
variables in sequence after having filled in all missing values for the variables in the
imputation model (Carlin, 2014; Raghunathan, Lepkowski, Hoewyk, & Solenberger,
2001; Buuren & Groothuis-Oudshoorn, 2011). Its imputation relies on the identified
univariate regression models for each variable. The algorithm and its implementation
package allow researchers to precisely select the imputation predictors for each variable.
This characteristic is particularly useful for imputing missing data in small-scale
longitudinal studies. In this study, participants filled in the same survey questionnaire
thrice and there were approximately 25 items in the survey questionnaire. If all variables
were included in the imputation model, the number of predictors for each assessed

variable would be at least 75. Due to multicollinearity and computational problems, using
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a large number of variables as predictors in a small-scale dataset may not be feasible
(Enders, 2010c; Buuren, 2018).

Furthermore, both White and Wood (2011) and Buuren (2018) suggested that the
number of imputations should be at least equal to the percentage of incomplete cases in a
multiple imputation using chained equations. Since the percentage of missing data was
17.32% in this study (40 out of 231 items, 3 * 77 = 231), the imputation number was set
as 20.

Due to the advantage of incorporating noise into the multiply imputed data, the
MICE algorithm can much speed up the convergence speed over other approaches
(Buuren, 2014). The number of literation is usually set between 5 to 20 (Brand, 1999;
Buuren, Boshuizen, & Knook, 1999). Thus, the number of iterations was set as 20 in this
study.

Predictor model. The number of predictors for each variable is recommended to
be between 15 and 25 in a regression-based multiple imputation model (Buuren, 2018).
Buuren et al. (1999; 2018) provided the specific steps for selecting predictor variables in
MICE: (1) including all variables expected to be in the complete data model, which
would be applied to the data analysis after imputation, (2) including the variables or
factors that are related to the nonresponses, (3) including variables that correlate with the
target variables, and (4) removing from the variables selected in steps 2 and 3 which have
too many missing values within the incomplete cases. When longitudinal data are being
imputed and the number of predictors is needed to be reduced, the cross-lagged predictors
are recommended to leave out (Buuren, 2018). Table 8 shows an example of a

longitudinal dataset. In this example, the values of a variable set (X, Y, Z) are recorded
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thrice. The columns X, X2, X3 are the records of variable X at three different time points
in sequence, while columns X1, Y1, Z; are the records of the variable set (X, Y, Z) at the
first time point. The cross-lagged predictors of X; are Xo, X3, Y1, and Z.

Table 8

An Example of a Longitudinal Dataset

1d X X2 X3 Y1 Y2 Y3 71 Ve 73
1 98 96 89 65 87 98 98 76 77
2 94 77 64 66 89 54 99 44 87
3

The esiz'l;r;iishment of predictor model in this study was in line with the
recommendation and strategies provided by Buuren and his colleagues. First, all variables
collected in this experiment were screened and some were identified as the candidate
predictors. Sense of embodiment, presence, motivation, engagement, cognitive load, and
learning achievement were the factors to be assessed after imputation. They were
measured by 18 variables (items) thrice. Therefore, these 18 variables, which added up to
54 variables, were recognized as the candidate predictors. Furthermore, participants’
scores in the pre- and post-tests also would be analyzed after imputation. This included
four variables (i.e., scores in the pre-mental rotation test, pre-astronomy test, post-mental
rotation test, and post-astronomy test). In addition, demographic information (i.e., age,
major, gender, race), group number, and the type of VR system used in each session (i.e.,
the Oculus Go and the Oculus Rift) were possible variables that influenced the
occurrence of missing data and / or correlated with the value of target variables. Thus,
these eight variables were also categorized as the candidate predictors.

Although the reasons of dropout had a general classification in this experiment,

the proportion of unidentified reasons was large (15 in 27 cases, approximately 55.56%).
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In addition, it was possible that dropouts in the same category might have significantly
different performance in the experiment. For example, the dropouts for having enough
course credits should have better VR learning experience than those left for
cybersickness. However, a more detailed division might lead to a very small number of
cases in each category. This would lose the value of prediction. Therefore, the reason of
dropout was not in the predictor model. Similarly, the VR learning time in each session
was not in the model. It had the same missing pattern as the assessed variables in the
study. In other words, its contribution to imputation was small. Since the number of
candidate predictors for each variable had already far more than 15, the VR learning time
in each session was not included in the predictor model.

A total of 66 variables were selected as candidate predictor variables for the
predictor model. Then these variables were identified to be the predictors for each target
variable (the variable that had missing data) one by one. First of all, group number was
identified as a predictor for all target variables in the final predictor model due to the
requirement of the further comparison. Second, the value distribution of the remaining 65
variables between the completer and non-completer groups were checked one by one.
The statistics methods were independent samples T test and y test. If there was a
significant difference between the two groups, the variable would be in the final predictor
model for all target variables.

When the previous step was completed, independent samples T tests and / or one-
way ANOVA tests were conducted to determine whether there were significant
differences for target variables under different dimensional categories (i.e., age, race,

gender, major, VR system). A significant difference would mark the categorical variable
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as a predictor for the target quantitative variable in the final model. For example, if
gender was not selected as the predictor for all target variables in the last step, an
independent samples T test would be conducted to measure the difference between male
and female participants for their scores in different target variables. If there was a
significant mean difference found from a target quantitative variable, gender would be a
predictor of this target quantitative variable.

Furthermore, Pearson correlation analysis was conducted to the remaining
quantitative variables in the three sessions, respectively. If the magnitude of the
correlation between one variable and the target variable was in the top 10 for the target
variable in that session, this variable would be categorized as a predictor for the target
variable. The four variables from pre-test and post-test were included in the Pearson
correlation analysis for all three sessions. Their predictors determined in this step were
the variables which had the top 10 magnitude correlation in the three sessions.

After the three steps, the predictor model was established. The predictors of one
target variable included (1) its group number, (2) variables that showed a significant
difference distribution between the non-completer and completer groups, (3) categorical
variables that the target variable had significant different mean values between or among
their categories, (4) 10 quantitative variables that had the top 10 magnitude correlation
with this target variable, and (5) two variables which had the same item content as the
target variable but were measured in different sessions.

Quantitative data comparison. The assessed factors in the quantitative data
comparison included presence, sense of embodiment, motivation, engagement, cognitive

load, learning achievement, and scores in the pre- and post-tests. The value of each
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assessed factor was the mean of its items in the measurement model, respectively. For
example, the value of motivation was the mean of items Mo_1, Mo_3, and Mo_4, while
the value of learning achievement was the quiz score. Before conducting the further data
analysis, data collected from participants who received full mark or zero score in either
the pre-mental rotation test or the pre-astronomy knowledge test were removed to avoid
floor and ceiling effects. Then y” test and one-way ANOVA test were conducted to ensure
that there was no significant difference among the three groups in both their demographic
information and pre-test scores. This provided evidence that the values of assessed factors
were comparable among the three groups.

After the preliminary work, data in the first session were compared between the
low-level VR condition (the Go and the Go-Rift groups) and the high-level VR condition
(the Rift group). The purpose was to know the possible influence of novelty on assessed
factors at the beginning and establish a baseline. After that, analysis was conducted to
assess the possible changes of these factors from the second session to the third session
for the Go-Rift group. The purpose was to find the possible influence of novelty on
participants’ VR learning experience in a recurring situation. This is because the high-
level VR condition was a novel condition for the participants in the Go-Rift group after
they had experienced the low-level VR condition twice. Paired-samples T tests were
conducted in this analysis. Specifically, the values of assessed factors in the third session
were compared with their values in the second session for the Go-Rift group. Then the
values of assessed factors in the third session were compared among the three groups.
The goal of this step was to find whether the change of the assessed factor for the Go-Rift

group would lead to its value significantly different from the other two groups. Since the

73



pooling result of one-way ANOVA analysis was still not available in SPSS, the step of
omnibus test was skipped. Independent-samples T test was used to pair-wisely compare
the values between groups directly.

In addition, the changes of assessed factors from the first session to the third
session were compared between the Go group and the Rift group. The purpose was to
answer the third question in this study. That is whether the assessed factors decrease
slower in a high-level VR condition. Paired-samples T test was used in this analysis.

Finally, paired-samples T tests were conducted to check the possible score
differences between the pre-test and the post-test in the mental rotation test and the
astronomy knowledge test in each group. The purpose was to investigate whether
participants’ spatial ability and astronomy knowledge had a significant increase after this
experiment and whether there were differences among groups.

Completer analysis. To validate the comparation results after multiple imputation,
a completer analysis was conducted. While the assessed factors were the same as the
comparison after multiple imputation, the dataset was from all the participants who
completed the three sessions.

The steps were almost the same as the data comparison analysis after multiple
imputation. There were two differences. The first was the repeated measures ANOVA
method was used to evaluate the possible difference among sessions for each group. The
second was the polynomial effect was assessed to determine whether there was a definite
changing trend for an assessed factor through sessions in each group.

Phase I'V: Qualitative data analysis. The reasons of involving a qualitative

strand were to triangulate quantitative findings and to explain why some hypotheses and
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predictions were rejected by the quantitative results. After the whole experiment was
completed, the audio recording of interviews taken in the third session was transcribed. A
total of 20 transcripts (six from the Go group, eight from the Go-Rift group, and six from
the Rift group) were used in the data analysis.

The qualitative data analysis included two rounds. The first-round analysis
focused on comparison. The analysis was framed by a series of questions that explored
the possible changes in longitudinal data (Saldafia, 2002). These questions included:

1. What was different from one group of data to the next?

2.  What increased or emerged through sessions?

3.  What decreased or ceases through sessions?

4. What remained constant or consistent through sessions?

5. What context appeared to influence and affect participant change(s)?

6. Which changes interrelated through sessions?

In this study, comparison was conducted based on six dimensions: presence, sense
of embodiment, motivation, cognitive load, engagement, and perceived learning
effectiveness. The specific comparisons applied in the analysis included:

1. Comparison between the first session and the latter two sessions from
interviewees in the Go group and the Rift group, respectively.

2. Comparison between the first two sessions and the third session from
interviewees within the Go-Rift group.

3. Interviewees’ general impression about their VR experience between the Go

group and the Rift group.
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To facilitate the comparison and the discovery of themes, a table was created. Its
columns contained interviewee’s ID, demographic attributes (e.g., gender, race, prior VR
and video game experience), and the six dimensions, while each row contained the
information and the responses from one interviewee. Through comparison, ranking
patterns and observations related to these dimensions were found.

The second-round analysis was driven by the hypotheses proposed in the
literature review chapter. It particularly focused on the significant findings from
quantitative analysis. The specific method was establishing themes through extracting
information from each observation. These themes were closely related to the hypotheses
and quantitative findings.

“Deviating cases” are cases that do not confirm to the common patterns in any
sub-analyzed units (Hermanowicz, 2013). Answering the questions of why and how they
depart from the mode allows researchers to strengthen assertions and to qualify

conclusions of patterns. Therefore, this type of cases was also checked in this study.
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CHAPTER 4
RESULTS

The purpose of this study was to assess the possible impact of novelty on the
effectiveness of VR in STEM learning. A hypothesized model was established to describe
how the VR condition affects an effective learning experience. Predictions were also
made on the possible changes of individuals’ engagement and learning in this learning
experience. To validate the model and predictions, an experiment was designed and
implemented. Both quantitative and qualitative data were collected in this experiment and
then they were analyzed in four phases: grading quizzes, SEM, quantitative data
comparison, and qualitative data analysis.

This chapter presents the results of the data analysis. It includes four subsections.
These subsections use the same titles as the four phases in the data analysis. They are

grading quizzes, structural equation modeling, data comparison, and qualitative results.

Grading Quizzes

This section presents the grading results. Pearson’s correlation coefficient
between the two researchers’ rating for the 30 items in the second-round grading was
0.905 (p < 0.001). Since the result was much higher than the threshold value (r = 0.80),
the reliability of grading was established. The first researcher’s grading results were
accepted as participants’ quiz scores in this study. Table 9 shows the statistics of grading
results for the whole 191 items. They were from quizzes in the three sessions of the

experiment. Items in the session 1 quiz had the highest means in the recognizing
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question, the understanding question, the evaluating question, and the total score. Items in
the session 2 quiz had the highest mean in the recalling question.

Table 9

The Grading Results of Session Quizzes

Remember

- Understand Evaluate  Sum
Recognize Recall

Range 0-4 0-12 0-8 0-3 1-26

Session1 3.36 4.13 2.34 1.42 11.25

Mean  Session2 2.82 4.48 2.05 0.77 10.13
Session3 3.14 4.24 2.10 1.02 10.5

Structural Equation Modeling (SEM)

This section includes the results in Phase II, SEM. Specifically, it had three parts:
EFA, CFA, and the assessment of structural model. CFA was completed in two steps: the
nature of the data was analyzed first to determine the method for model estimation, then
the quality of measurement model was assessed by criteria.

Exploratory factor analysis (EFA). In the EFA step, parallel analysis indicated a
six-factor solution while the scree plot indicated a five-factor solution. Compared to the
fix-factor model, the six-factor solution could be better interpreted and retaining items.
Therefore, the six-factor model was accepted in the first-round EFA. Table 10 is the

pattern matrix of this round EFA.
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Table 10

The Pattern Matrix of the Initial EFA

Factor
ltem Presence Erﬁﬁgfi?rgin ¢ Motivation Engagement COES;SVG ---
Pr_1 0.66 -0.05 0.13 0.13 0.05 -0.04
Pr 2 0.76 0.08 -0.01 -0.01 -0.02 0.14
Pr_3 0.69 -0.14 -0.09 0.03 -0.09 0.09
Pr_4 0.60 0.10 0.08 -0.19 -0.04 0.01
Em_1 0.29 0.79 -0.25 0.08 -0.01 0.00
Em_2 -0.05 0.84 0.01 -0.05 0.01 -0.29
Em_3 -0.12 0.00 0.09 0.09 0.01 -0.44
Em_4 -0.22 0.81 0.14 0.10 -0.00 0.09
Em_5 0.01 0.48 0.06 -0.13 0.04 0.22
Em_6 0.04 0.22 0.12 -0.05 -0.05 -0.40
Em_7 -0.03 0.01 0.20 0.09 0.04 0.40
Mo_1 0.09 -0.02 0.85 -0.03 -0.04 0.12
Mo_2 0.04 -0.03 0.32 0.08 -0.10 -0.12
Mo_3 -0.01 0.02 0.83 -0.02 0.04 -0.00
Mo_4 -0.01 0.02 0.97 -0.04 0.06 -0.01
En_1 -0.03 0.05 0.02 0.59 -0.19 0.10
En_2 0.11 -0.04 0.00 0.82 0.13 -0.02
En_3 -0.18 0.05 -0.11 0.78 0.00 0.15
En_4 0.03 -0.03 -0.03 0.72 0.11 -0.11
En_5 0.11 0.12 0.15 0.41 -0.05 -0.03
En_6 0.35 -0.08 0.10 0.04 0.19 -0.21
En_7 0.10 0.07 0.16 0.08 0.00 0.39
Cl_1 0.06 -0.02 -0.10 -0.10 0.76 0.06
Cl_2 -0.08 0.03 0.09 0.10 0.84 -0.01
Cl_3 -0.04 0.13 -0.10 -0.32 0.27 0.17

Note. Extraction Method: Principal Axis Factoring.
Rotation Method: Promax with Kaiser Normalization.
a. Rotation converged in 7 iterations.
Item Em_1 (I felt as if the virtual body or body part was my own body or body
part.) belonging to sense of embodiment showed cross loading with presence. In addition,

there were six items under the threshold value of factor loading (R = 0.40). These six

items were Em_3 (I felt as if I might have more than one body.), Em_6 (I felt as if the
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virtual body was moving by itself.), Em_7 (When a virtual celestial body was in front of
me, I felt that my body was very small.), M_2 (This activity did not hold my attention at
all.), En_6 (I was not worried about what others might be thinking of me.), En_7 (The
way time passed seemed to be different from normal.), and C_3 (It was difficult to learn
in this VR environment.).

After these seven items were removed, the second-round EFA was conducted.
Both parallel analysis and the scree plot indicated a five-factor solution in this time. The
EFA result showed a clean factor structure and sufficient reliabilities for each factor.
Table 11 is the pattern matrix of the second-round EFA. Table 12 is the Cronbach’s Alpha
of each factor. This five-factor structure also showed acceptable factor loadings for data
in each session (see Table 13, Table 14, and Table 15). There were only two small
deviations: item Pr_1 (Please rate your sense of being in the universe.) in session one and

item En_5 (I had a feeling of total control over what I was doing.) in session three.
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Table 11

The Pattern Matrix of the Second-Round EFA

Factor
Ttem Presence Sense of Motivation Engagement Cognitive Load
Embodiment
Pr_1 0.63 -0.04 0.11 0.16 0.06
Pr 2 0.81 0.12 -0.07 -0.00 -0.02
Pr_3 0.67 -0.12 -0.08 0.03 -0.06
Pr_4 0.62 0.10 0.06 -0.17 0.00
Em_2 0.06 0.60 -0.05 0.00 -0.00
Em_4 -0.13 0.92 0.03 0.10 0.00
Em_5 0.12 0.56 -0.01 -0.16 0.05
Mo_1 0.07 -0.03 0.88 -0.03 -0.05
Mo_3 -0.04 -0.01 0.86 -0.01 0.02
Mo_4 -0.04 0.00 0.96 -0.02 0.04
En_1 -0.00 0.01 0.04 0.60 -0.22
En_2 0.11 -0.07 -0.00 0.84 0.12
En_3 -0.13 0.05 -0.10 0.69 -0.03
En_4 -0.01 -0.07 -0.02 0.71 0.10
En_5 0.14 0.13 0.11 0.42 -0.06
CL_1 -0.16 -0.01 -0.09 -0.01 0.68
Cl_2 0.12 0.04 0.07 0.04 0.91

Note. Extraction Method: Principal Axis Factoring.

Rotation Method: Promax with Kaiser Normalization.

Rotation converged in 5 iterations.

Table 12

The Cronbach’s Alpha of Each Factor

Factor Cronbach's Alpha
Presence 0.767
Sense of Embodiment 0.707
Motivation 0.913
Engagement 0.793
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Table 13

Factor Loadings of Data in the First Session

Factor
Ttem Presence Sense of Motivation Engagement Cognitive Load
Embodiment
Pr_1 0.24 -0.03 0.37 0.24 0.08
Pr 2 0.63 0.22 0.04 -0.03 -0.03
Pr_3 0.65 -0.07 -0.20 0.20 -0.15
Pr_4 0.64 0.03 0.17 -0.23 0.03
Em_2 0.17 0.70 -0.26 0.17 0.05
Em_4 -0.19 0.83 0.19 -0.00 -0.05
Em_5 0.23 0.62 0.12 -0.15 0.07
Mo_1 0.08 -0.02 0.85 0.10 -0.01
Mo_3 -0.05 0.03 0.91 0.07 -0.02
Mo_4 -0.02 -0.01 0.94 -0.03 -0.04
En_1 0.17 -0.10 0.12 0.70 0.06
En_2 -0.03 0.01 0.03 0.90 0.05
En_3 -0.17 0.19 -0.16 0.71 -0.14
En_4 -0.03 -0.08 0.11 0.61 0.09
En_5 -0.04 0.05 0.15 0.58 -0.04
CL1 -0.01 0.06 -0.20 -0.05 0.61
Cl_2 -0.10 0.02 0.07 0.07 0.71

Note. Extraction Method: Principal Axis Factoring.
Rotation Method: Promax with Kaiser Normalization.
Rotation converged in 6 iterations.
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Table 14

Factor Loadings of Data in the Second Session

Factor
Ttem Presence Sense of Motivation Engagement  Cognitive Load
Embodiment
Pr_1 0.92 -0.11 -0.10 0.15 -0.10
Pr 2 0.86 0.11 -0.06 -0.07 -0.10
Pr 3 0.63 -0.03 -0.01 0.03 0.00
Pr 4 0.59 0.17 0.22 -0.20 0.20
Em_2 0.12 0.51 0.07 -0.08 -0.12
Em_4 -0.09 0.91 -0.04 0.13 -0.02
Em_5 0.06 0.62 -0.10 -0.09 0.12
Mo_1 0.13 0.01 0.74 -0.04 -0.12
Mo_3 -0.08 -0.09 0.81 -0.06 -0.03
Mo_4 -0.07 0.01 0.95 0.10 0.11
En_1 -0.01 0.16 0.10 0.44 -0.39
En_2 0.28 -0.20 0.07 0.69 0.04
En_3 -0.16 0.04 -0.16 0.79 -0.01
En_4 -0.04 -0.01 0.09 0.68 0.11
En_5 0.27 0.13 0.00 0.49 0.15
CL_1 0.11 -0.02 -0.10 -0.08 0.86
Cl_2 -0.16 0.04 0.07 0.19 0.89

Note. Extraction Method: Principal Axis Factoring.
Rotation Method: Promax with Kaiser Normalization.
Rotation converged in 5 iterations.
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Table 15

Factor Loadings of Data in the Third Session

Factor
Ttem Presence Sense of Motivation  Engagement Cognitive Load
Embodiment

Pr_1 0.66 0.08 0.06 0.10 0.18

Pr 2 0.79 0.08 -0.02 0.04 -0.02
Pr_3 0.78 -0.26 0.06 -0.10 0.02
Pr_4 0.56 0.19 -0.09 -0.03 -0.17
Em_2 -0.19 0.91 0.04 -0.16 0.11

Em_4 0.19 0.70 -0.02 0.16 0.03

Em_5 0.20 0.34 -0.13 -0.14 -0.04
Mo_1 0.01 -0.08 0.97 -0.06 -0.07
Mo_3 0.03 -0.01 0.96 0.03 0.08
Mo_4 -0.04 0.04 0.98 -0.02 0.05

En_1 -0.15 0.00 -0.06 0.62 -0.29
En_2 0.05 0.04 -0.06 0.79 0.12
En_3 0.10 -0.11 0.06 0.54 -0.20
En_4 -0.04 -0.15 0.01 0.94 0.17
En_5 0.08 0.24 0.32 0.21 -0.36
CL_1 0.12 -0.07 -0.01 -0.11 0.78
Cl_2 -0.07 0.16 0.05 0.14 0.93

Note. Extraction Method: Principal Axis Factoring.
Rotation Method: Promax with Kaiser Normalization.
Rotation converged in 5 iterations.

Descriptive statistics. Before conducting confirmatory factor analysis (CFA),
data were screened and tested whether they met the criteria for conducting a multivariate
analysis. This included identifying outliers and testing for normal distribution. A total of
17 cases were found to have observed outliers on one or several variable(s). Four of them
were further deleted from the dataset for having more than two outliers on their variables.
The remaining 13 were retained in the further analysis. This is because one or two
observed variables in a case are identified as outliers will not seriously impact the overall

analysis (Hair et al., 2009). Table 16 shows the descriptive statistics of remaining data.

No observed variable exceeded the boundaries of univariate skewness (+2) and kurtosis
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(£7). However, the Mardia’s multivariate kurtosis statistic was 27.77 with p < 0.01. This
meant that data were not multivariate normally distributed. Therefore, the robust
maximum likelihood method (MLR) were chosen as the estimation method for further
analysis.

Table 16

Descriptive Statistics of Remaining Data

Univariate Univariate

Item Range Mean SD Skewness Kurtosis
Pr_1 95 84.46 19.47 -1.97 4.28
Pr 2 100 70.42 26.62 -1.07 0.40
Pr_3 100 68.69 26.52 -1.02 0.45
Pr_4 100 61.80 29.39 -0.56 -0.69
Em_2 100 54.43 29.92 -0.16 -0.91
Em_4 100 64.76 30.53 -0.70 -0.57
Em_5 100 47.13 34.10 0.05 -1.31
Mo_1 69 89.98 13.81 -1.64 241
Mo_3 100 89.50 14.77 -1.08 6.85
Mo_4 70 91.30 12.39 -1.86 3.90
En_1 90 82.53 18.23 -1.25 1.42
En_2 75 83.20 16.94 -1.07 0.49
En_3 100 74.35 19.53 -0.67 0.23
En_4 84 81.57 18.25 -1.28 1.63
En_5 100 81.33 19.03 -1.24 1.66
Quiz 25 10.59 5.00 0.44 -0.32
Pre AST* 16 7.10 4.13 0.18 -0.97

Note. Pre_AST represents the score in the pre-astronomy knowledge test

Assessment of measurement model. The remaining 187 cases were used in CFA
to assess the quality of the measurement model. The assessment included (1) model fit
indices, (2) the convergent validity, and (3) discriminant validity. Particularly, the validity
assessments were only used for factors with at least three items (i.e., presence, sense of

embodiment, motivation, and engagement).
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A standard CFA model with more than one factor can be identified when it has
more than one indicator per factor (Kline, 2011). In this study, learning achievement is a
factor with a single item quiz score. For a single-item factor, a fixed 1.00 loading and a
fixed measurement error variance should be specified, so that this only indicator can
statistically identify its factor (Hayduk & Littvay, 2012). The value of measurement error
variance is typically set as the indicator’s variance multiplies its un-reliability (one minus
the reliability). In this study, its factor loading was specified at one and the measurement
error variance was specified at zero. The factor cognitive load only had two items after
EFA. In this situation, an equal factor loading (1.00) was imposed on its two indicators
(Kline, 2011).

The assessment results of the measurement model fitness using the MLR estimate

method are reported below:

® RMSEA = 0.046.
® CFI=0.948.
® TLI=0.935.

® SRMR =0.067.

All the values of these indices were in good model fit. Therefore, the goodness-of-
fit statistics supported the measurement model.

Furthermore, the measurement results of convergent validity and discriminant
validity also supported to use this model for further analysis. Table 17 shows evidence of
convergent validity for the measurement model. The standardized factor loadings ranged
from 0.55 to 0.92. They were higher than the threshold value of standardized factor
loading (0.50). The AVE values ranged from 0.45 to 0.79. Particularly, the AVE values of
presence (0.47), sense of embodiment (0.48), and engagement (0.45) were slightly below
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the recommended rule of thumb (0.50). The CR values ranged from 0.73 to 0.92. All of
them were higher than the low bound (0.70).

Table 17

Evidence of Convergent Validity for the Measurement Model

Standardized

Factor Item R? Factor Loading AVE CR
Pr_1 0.53 0.73
Pr 2 0.65 0.81
Presence Pr 3 0.34 0.58 0.47 0.78
Pr 4 0.38 0.62
Sense of Em_2 0.38 0.62
Embodiment Em_4 0.76 0.87 0.48 0.73
Em_5 0.30 0.55
Mo_1 0.80 0.90
Motivation Mo_3 0.71 0.84 0.79 0.92
Mo_4 0.85 0.92
En_1 0.52 0.72
En_2 0.62 0.78
Engagement En_3 0.38 0.61 0.45 0.80
En_4 0.42 0.65
En_5 0.32 0.57

Note. R? = the square of a standard factor loading score.

Discriminant validity was established through a comparison between the AVE
estimates for each factor with the squared inter-factor correlation associated with that
factor. Results showed that all AVE estimates in Table 17 are greater than the squared
correlation data above the diagonal of Table 18. This evidence supported the discriminant

validity of the measurement model.
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Table 18

Standardized Factor Correlation Matrix

Factor 1 2 3 4 5
1. Presence 1 0.12 0.20 0.09 <0.01
2. Sense of
Embodiment 0.34%* 1 0.13 0.05 0.01
3. Motivation 0.45%** 0.36%** 1 0.21 0.04
4. Engagement 0.30%* 0.23% 0.46%** 1 0.16
5. Cognitive Load -0.03 -0.090 -0.20%* -0.40%** 1

Note. Significant level: *=0.05, **=0.01, ***=(0.001. Value below the diagonal are
correlation estimates among factors, diagonal elements are factor variances, and values
above the diagonal are squared correlations.

In sum, based on the model fit indices, evidence of convergent validity, and
evidence of discriminant validity, the five-factor model was appropriate to explain how

the VR condition influences an effective learning experience. Figure 8 shows the final

measurement model.
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Figure 8. The measurement model of an effective VR learning experience

88



Assessment of structure model. The last step in phase II (SEM) was to assess the
structure model which represents the structural relationship among factors and external
variables. The results of model-fitness test showed that the hypothesized model adequately
fit the data (RMSEA = 0.052, CFI = 0.922, TLI = 0.906, SRMR = 0.072). Due to the
differences in range among scales, structural relationships were assessed by standardized
path coefficient. If a standardized path coefficient was statistically significant, its source
factor or external variable had a direct effect on the target factor. Table 19 shows a total
of 15 direct paths evaluated in this model. These paths represented the hypotheses
proposed in the literature review chapter.

Table 19

Parameter Estimates for the Hypothesized Structural Model

Std.
Coeffi ~ Std. Support
Structural Relationships cient  Error p Hypothesis

HI: VR condition -> Presence -0.07  0.12 0.574 No
H2: VR condition -> Sense of embodiment 0.63 0.05 <0.001 Yes
H3: Sense of embodiment -> Presence 0.42 0.15 0.005 Yes
H4: Presence -> Motivation 0.37 0.11 0.001 Yes
HS: Sense of embodiment -> Motivation 0.20 0.10 0.045 Yes
H6: Prior knowledge -> Motivation 0.04 0.07 0.595 No
H7: VR condition -> Cognitive load -0.02  0.07 0.749 No
HS: Prior knowledge -> Cognitive load -0.16  0.06 0.010 Yes
H9: Motivation -> Engagement 0.31 0.10 0.002 Yes
H10: Presence -> Engagement 0.15 0.09 0.101 No
H11: Sense of embodiment -> Engagement  <0.01  0.09 0.971 No
H12: Cognitive load -> Engagement -0.37  0.09 <0.001 Yes
Hl??: Prior knowledge -> Learning 082 010 <0001 Yes
achievement

H14: Motivation -> Learning achievement <0.01 0.23 0.984 No
H15: Engagement -> Learning achievement ~ 0.53 0.17 0.002 Yes
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Direct effects among factors. As shown in Table 19, the level of a VR condition
significantly influenced the sense of embodiment (f = 0.63). The sense of embodiment
had a significant effect on presence (§ = 0.42). Both sense of embodiment (§ = 0.20) and
presence (B = 0.37) contributed to motivation. Both motivation ( = 0.31) and cognitive
load (B =-0.37) had a cause-effect relationship with engagement. Not only engagement
(B =0.54) but also prior knowledge (B = 0.81) significantly influenced learning
achievement. Figure 9 illustrates the structural parameter estimates for the hypothesized

structural model.
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Figure 9. The structural model of an effective VR learning experience

Indirect effects. In addition to identifying the direct relationships among factors,
several indirect effects were investigated as to know how some factors (e.g., motivation
and engagement) delivered the effect of one factor onto another (see Table 20). Results
showed that there were significant indirect effects from motivation to learning

achievement through engagement (f = 0.17, p = 0.038) and from presence to engagement
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through motivation (f = 0.12, p = 0.019). The sum of indirect effects from sense of
embodiment to engagement was also significant ( = 0.13, p =0.013).

Table 20

Parameter Estimates of Indirect Effects for the Structural Model

Structural Relationships Mediator Std. Coefficient p
Sense of embodiment -> Sum 0.13 0.013
Engagement Presence 0.06 0.167

Motivation 0.06 0.093
Presence -> Engagement Motivation 0.12 0.019

Motivation -> Learning

achievement Engagement 0.17 0.038

Model modification. After extra paths from external variable session and its
interaction with VR condition were added in this model, the model fitted the data better
(RMSEA =0.048, CFI = 0.924, TLI = 0.909, SRMR = 0.069). However, no other new
significant finding was found. Table 21 shows the parameter estimates for the modified

structural model.
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Table 21

Parameter Estimates for the Modified Structural Model

Std.
Coeffi  Std. Support
Structural Relationships cient  Error p Hypothesis

H1: VR condition -> Presence -0.05 0.13  0.709 No
H2: VR condition -> Sense of embodiment 0.63 0.06 <0.001 Yes
H3: Sense of embodiment -> Presence 0.41 0.15  0.006 Yes
H4: Presence -> Motivation 0.37 0.11  0.001 Yes
HS5: Sense of embodiment -> Motivation 0.20 0.10  0.045 Yes
H6: Prior knowledge -> Motivation 0.04 0.07  0.588 No
H7: VR condition -> Cognitive load -0.05 007 0471 No
HS: Prior knowledge -> Cognitive load -0.17  0.06  0.005 Yes
HO9: Motivation -> Engagement 0.31 0.10  0.002 Yes
H10: Presence -> Engagement 0.16 0.10 0.103 No
HI11: Sense of embodiment -> Engagement 0.01 0.09 0.959 No
H12: Cognitive load -> Engagement -0.38  0.09 <0.001 Yes
Hl??: Prior knowledge -> Learning 0.82 010  <0.001 Yes
achievement

H14: Motivation -> Learning achievement 0.01 0.23  0.983 No
H15: Engagement -> Learning achievement 0.54 0.17  0.002 Yes
N1: Session->Sense of embodiment -0.03  0.08 0.748 No
N2: VR condition * Session-> Sense of 0.04 008 059 No
embodiment

N3: Session->Presence -0.09 0.08 0.251 No
N4: VR condition * Session->Presence 0.07 0.08 0.364 No
NS5: Session->Cognitive load 0.13 0.07  0.071 No
N6: VR condition * Session->Cognitive load  -0.08  0.07  0.277 No

Data Comparison

This section includes the results of establishing a predictor model, data screening,
comparison by categories, and completer analysis. The established predictor model was
used to support the generation of 20 datasets with complete cases for the further data
analysis. The data screening was to ensure the data were comparable among the three

groups. Then data comparison was conducted by category based on the 20 new datasets
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under the framework of the multiple imputation method. Finally, the completer analysis
was carried out to validate the analysis results after multiple imputation in the previous
step.

Establishment of predictor model. The results are reported based on the steps of
establishing a predictor model for multiple impution of longitudinal missing data, which
was introduced in the methods chapter. The first step was to compare the possible
differences between the non-completer and completer groups. > test results indicated that
there was no significant difference between the non-completer and completer groups in
gender, x*(1) = 0.14, p = 0.905, and major, ¥*(2) = 3.53, p = 0.171. Since the pre-
condition of 7 test could not be satisfied (the count of cells that had less than five cases
was larger than the minimum expected count), ¥° test was not used to compare the non-
completer and completer groups in age and race. However, significant differences were
found on dropout rate among categories in these two dimensions based on observed
values. The dropout rate of the age 19 group was 70.59%, while the dropout rate of the
participants who were older than 21 was 25.00% (see Table 22). The dropout rate of
American Indian, Alaska Native, and other races was 57.14%, while all Black or African
American participants completed the three sessions (see Table 23). Furthermore, there
was a marginally significant difference found from the mean of variable C1 2.1 (The
learning content was difficult.) between the non-completer and completer groups in the
independent samples T test, t(66) = 1.76, p = 0.083. Therefore, age, race, and variable CI

2.1 were marked as the predictors for all target variables in the final model.
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Table 22

Comparison of Dropout Rate Among Different Age Groups

Total Dropout Dropout Rate ~ Standard
Category Age Number Number (%) Deviation
1 18 41 10 24.39 0.44
2 19 17 12 70.59 0.47
3 20-21 7 2 28.57 0.48
4 >21 12 3 25.00 0.44

Table 23

Comparison of Dropout Rate Among Different Races

Total Dropout Dropout Standard

Category Race Number  Number Rate (%)  Deviation
American Indian,
1 Alaska Native, and 7 4 57.14 0.54

other races
Asian or Asian

2 . 12 4 33.33 0.49
American

3 Black or Afrlcan 6 0 0.00 0.00
American

4 Hispanic or Latino 16 4 25.00 0.45

5 White or Caucasian 36 15 41.67 0.50

Furthermore, independent samples T tests and / or one-way ANOVA tests were
conducted to determine whether there were significant differences for target variables
under different dimensional categories. Results showed that male participants had
significantly higher scores than female participants in item Pr_3 (Do you think of the
universe more as images that you saw? Or more as somewhere that you visited?), t (94) =
2.25, p = 0.026, and the post-mental rotation test, t(79) = 3.35, p = 0.001. The Oculus Rift
system had significantly higher scores than the Oculus Go system: item Pr_1 (Please rate
your sense of being in the universe.), t(185) = 2.51, p =0.013; item Pr_2 (To what extent
were there times during the experience when the universe was the ‘reality’ for you?),
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t(188) =3.22, p = 0.002; item Pr_4 (During the experience, did you often think to
yourself that you were just in a room? Or did the universe overwhelm you?), t(188) =
1.98, p =0.049; item Em_2 (It felt as if the virtual body or body part I saw was someone
else’s.), t(188) = 6.66, p < 0.001; item Em_4 (It felt like I could control the virtual body
or body part as if it was my own.), t(178) = 8.25, p < 0.001, and Em_5 (I felt as if the
movements of the virtual body were influencing my own movements.), t(172)=5.32, p <
0.001. Therefore, gender was the predictor for all the three variable columns of item Pr_3
and the score of the post mental rotation test, while the type of VR system was the
predictor for the variables Pr_1, Pr_2, Pr_4, Em_2, Em_4, and Em_5 in their
corresponding sessions.

At the next step, quantitative variables that had the top 10 magnitude correlation
value with the target variable were identified through Pearson correlation analysis and
added to the predictor model. Table 24 shows the number of predictors for target

variables in the final predictor model.
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Table 24
The Number of Predictors for Target Variables

Target Number of Target Number of Target Number of
Variables Predictors Variables Predictors Variables Predictors
Em_2.1 18 Pr_4.2 18 En_1.3 17
Em_2.2 18 Pr_4.3 18 En_2.1 17
Em_2.3 18 Mo_1.1 17 En_2.2 17
Em_4.1 18 Mo_1.2 17 En_2.3 17
Em_4.2 18 Mo_1.3 17 En_3.1 17
Em_4.3 18 Mo_3.1 17 En_3.2 17
Em_5.1 18 Mo_3.2 17 En_3.3 17
Em_5.2 18 Mo_3.3 17 En_4.1 17
Em_5.3 18 Mo_4.1 17 En_4.2 17
Pr_1.1 18 Mo_4.2 17 En_4.3 17
Pr_1.2 18 Mo_4.3 17 En_5.1 17
Pr_1.3 18 Cl_1.1 17 En_5.2 17
Pr_2.1 18 Cl_1.2 17 En_5.3 17
Pr_2.2 18 Cl_1.3 17 Quiz_1 0
Pr_2.3 18 Cl_2.1 16 Quiz_2 17
Pr_3.1 18 Cl.2.2 16 Quiz_3 17
Pr_3.2 18 Cl.2.3 16 Post_MRT 16
Pr_3.3 18 En_1.1 17 Post_AST 15
Pr_4.1 18 En_1.2 17

Note. Post_MRT represents score in the post-mental rotation test. Post_AST represents
score in the post-astronomy knowledge test.

Data screening. The purpose of data screening was to ensure that the data were
effective for the comparison between the pre-test and the post-test and the data were also
comparable among groups. First, to avoid a floor effect and a ceiling effect in the
comparison between the pre-test and and the post-test, data from four participants were
removed. Specifically, one participant obtained zero score in the pre-astronomy
knowledge test, two participants obtained full marks in the pre-astronomy knowledge
test, and one participant obtained full marks in the pre-mental rotation test. After that, x>

tests and one-way ANOVA omnibus tests were conducted to check whether data among
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the three group were comparable in the remaining 73 cases. ¥ tests results showed that
there was no significant difference among groups in gender, y* (2) = 1.81, p = 0.404, and
major, x*(4) = 5.30, p = 0.258. One-way ANOVA omnibus tests did no find any
significant difference among groups in the pre-mental rotation test, F(2, 70)=2.27, p =
0.111, and the pre-astronomy knowledge test, F(2, 70) = 1.89, p = 0.159. However, the
post-hoc Fishers Least Significant Difference (LSD) tests showed that the scores were
significant difference between the Go-Rift group and the Rift group in the pre-mental
rotation test (p = 0.049) and marginally significant difference between the Go group and
the Rift group in the pre-astronomy knowledge test (p = 0.057).

To explore this issue and find a solution, a follow-up frequency analysis of the
score distribution within each group was conducted. Results showed that the proportion
of participants in the Rift group who obtained a score of two or three in the pre-tests was
much higher than the other two groups (see Table 25).

Table 25.

Comparison of Participants Who Obtained a Score of Two or Three in the Pre-Tests
Among Groups

Total Number of Number of
Test Type Group Number Two Points Three Points

] Go 21 2 (9.52%) 2(9.52%)
Rlz)rtztll\gﬁﬁils . Go-Rift 22 2 (9.10%) 3 (13.60%)
Rift 30 8 (26.70%) 7 (23.30%)

Go 21 2 (9.52%) 1 (4.76%)

IE;Z'V‘:]it;O‘;OﬁZt Go-Rift 2 2 (9.10%) 1 (4.50%)
g Rift 30 7 (23.30%) 5 (16.70%)

To ensure that the score distribution was similar among groups, a total of 10 cases

in the Rift group were removed from the comparison. These cases matched one of the
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following two criteria: (1) the scores in the two tests were either two or three points; (2)
the participant only did the first session experiment.

Then, ¥ tests and one-way ANOVA omnibus tests were conducted to check the
remaining 63 cases. y’ tests results showed that there was no significant difference among
the three groups in gender, ¥*(2) = 0.93, p = 0.630. Since the pre-condition of > test
could not be satisfied (the count of cells that had less than five cases was larger than the
minimum expected count), > test was not used to compare the possible differences in the
distribution of majors among the three groups. Despite that, the descriptive statistics
showed that the distribution of majors among groups was very similar (see Table 26).
Moreover, one-way ANOVA omnibus tests showed that there was no significant
difference among groups in both the pre-mental rotation test, F(2, 60) = 0.40, p = 0.673,
and the pre-astronomy knowledge test, F(2, 60) = 0.28, p = 0.758. The results of the post-
hoc Fishers Least Significant Difference (L.SD) tests also did not show any significant

difference between groups in the pre-tests (see Table 27).

Table 26

The Distribution of Majors Among Groups

Business and Total
Group Engineering Science Humanity Number
Go 12 4 5 21
Go-Rift 12 7 3 22
Rift 11 3 6 20
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Table 27

Comparison of Scores in the Pre-Tests Among Groups

Test Type Group Cases Mean Standard Deviation
Go 21 4.57 2.33
RI:)rtz-tli\gEI}lt“ilst Go-Rift 22 5.18 2.61
Rift 20 4.65 2.35
Pre-Astronomy Go _ 21 7.67 3.90
Knowledge Test OO Rt 22 6.82 3.88
Rift 20 7.05 3.72

Comparison by category. A total of 20 datasets were created after the initial
incomplete dataset was imputed with assigned parameters on the R platform. Each
dataset included 77 complete cases after imputation. Then these data were analyzed on
SPSS 25. Comparison results are shown by category in the following subsections. Most
tables in this section include a column named fraction of missing information (FMI). FMI
is a measurement that assesses the missing data’s influence on the sampling variance of a
parameter estimate (Enders, 2010b). If the assessed variables are uncorrelated, FMI
equals the rate of missing data. In this study, due to the correlation among variables, its
value was typically less than the missing data rate.

Presence. Table 28 and Figure 10 show the mean of presence for each session in
each group. There was no significant difference of presence between the low-level VR
condition (the Go and the Go-Rift group) and the high-level VR condition (the Rift
group) in the first session, t(61)=1.05, p = 0.299.

While the mean of presence for the Go-Rift group increased a lot from the second
to the third session, there was no significant difference between the second session and

the third session in the Go-Rift group, t(860) = 1.39, p = 0.165, nor between the Go-Rift
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group and the Go group in the third session, t(287) = 1.60, p = 0.111. This is different
from the prediction that individuals’ presence will increase in a high-level VR condition.
The mean of presence did not have a significant decrease from the first session to
the third session for both the Go group and the Rift group. Relatively, the decrease for the
Rift group (-4.63) was larger than the Go group (-3.57). By percentage, the decrease for
the Rift group (4.63 /75.16 * 100% = 6.16%) was still larger than the Go group (3.57 /
69.58 * 100% = 5.14%). This is different from the prediction that presence decreases

more slowly in a high-level VR condition after the novelty effect happens.

Table 28

Descriptive Statistics of Presence

Group  Session Mean Std. Error of Mean FMI
1 69.58 3.63 0.03

Go 2 68.46 4.71 0.10

3 66.00 4.50 0.24

1 69.48 5.14 0.00

Go-Rift 2 66.81 5.93 0.08
3 74.98 3.39 0.17

1 75.16 4.41 0.00

Rift 2 69.25 5.00 0.00

3 70.54 5.60 0.16
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Figure 10. Presence for each session in each group

Sense of embodiment. Table 29 and Figure 11 show the mean of sense of
embodiment for each session in each group. There was a significant difference of sense of
embodiment between the low-level VR condition (the Go and the Go-Rift group) and the
high-level VR condition (the Rift group) in the first session, t(61) =5.12, p < 0.001,
Cohen’s d = 1.540.

The mean of sense of embodiment for the Go-Rift group had a significant
increase from the second session to the third session, t(1287) = 3.86, p < 0.001, Cohen’s d
= 1.118. Its value was also significantly higher than the Go group in the third session,
t(333) =2.91, p = 0.004, Cohen’s d = 0.993. This is consistent with the prediction that

individuals’ sense of embodiment will increase in a high-level VR condition.
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The mean of sense of embodiment did not have a significant decrease from the
first session to the third session for both the Go group and the Rift group. In addition, the
decrease for the Rift group (-5.26) was smaller than the Go group (-6.89). By percentage,
the decrease for the Rift group (5.26 / 74.37 * 100% = 7.08%) was much smaller than the
Go group (6.89/50.51 * 100% = 13.64%). This is consistent with the prediction that
sense of embodiment decreases more slowly in a high-level VR condition after the

novelty effect happens.

Table 29

Descriptive Statistics of Sense of Embodiment

Group Session Mean Std. Error of Mean FMI
1 50.51 4.87 0.07

Go 2 47.34 4.69 0.22

3 43.62 5.10 0.24

1 38.70 5.09 0.00

Go-Rift 2 38.69 5.37 0.06
3 63.66 491 0.24

1 74.37 3.89 0.00

Rift 2 66.35 4.21 0.00

3 69.10 4.77 0.29
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Figure 11. Sense of embodiment for each session in each group

Motivation. Table 30 and Figure 12 show the mean of motivation for each session
in each group. There was no significant difference of motivation between the low-level
VR condition (the Go and the Go-Rift group) and the high-level VR condition (the Rift
group) in the first session, t(61) = 1.06, p =0.295.

The mean of motivation for the Go-Rift group had a significant increase from the
second session to the third session, t(996) = 2.01, p = 0.045, Cohen’s d = 0.621. Its value
was significantly higher than the Go group in the third session, t(815) =2.34, p=0.019,
Cohen’s d = 0.778. This is consistent with the prediction that individuals’ motivation will
increase in a high-level VR condition.

The mean of motivation did not have a significant decrease from the first session

to the third session for both the Go group and the Rift group. In addition, the decrease for
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the Rift group (-2.05) was smaller than the Go group (-3.70). By percentage, the decrease
for the Rift group (2.05/93.93 * 100% = 2.18%) was still smaller than the Go group
(3.70/92.61 * 100% = 4.00%). This is consistent with the prediction that motivation

decreases more slowly in a high-level VR condition after the novelty effect happens.

Table 30

Descriptive Statistics of Motivation

Group  Session Mean Std. Error of Mean FMI
1 92.61 2.35 0.06

Go 2 90.57 2.29 0.08

3 88.91 2.33 0.19

1 88.77 2.99 0.00

Go-Rift 2 88.36 3.01 0.04
3 94.96 1.49 0.30

1 93.93 2.23 0.00

Rift 2 90.88 2.73 0.00

3 91.88 2.96 0.09
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Figure 12. Motivation for each session in each group

Cognitive load. Table 31 and Figure 13 show the mean of cognitive load for each
session in each group. Overall, the mean of cognitive load was stable across sessions and
was similar among groups in the same session. There was a slight increase from the first

session to the second session for all groups.
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Table 31

Descriptive Statistics of Cognitive Load

Group Session Mean Std. Error of Mean FMI
1 29.13 4.93 0.03
Go 2 34.43 4.73 0.22
3 35.19 6.63 0.24
1 33.64 3.97 0.00
Go-Rift 2 41.60 5.89 0.10
3 41.22 5.24 0.12
1 32.88 3.56 0.00
Rift 2 38.30 5.80 0.00
3 39.54 6.06 0.07
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Figure 13. Cognitive load for each session in each group

Engagement. Table 32 and Figure 14 show the mean of engagement for each

session in each group. There was no significant difference of engagement between the
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low-level VR condition (the Go and the Go-Rift group) and the high-level VR condition
(the Rift group) in the first session, t(61)=-0.03, p = 0.980.

All the three groups had the highest value in the second session. Then the Go
group had a significant decrease from the second session to the third session, t(1246) = -
2.48, p=0.013, Cohen’s d = 0.628, while the decrease for the Go-Rift group and the Rift
group was less visible. There was no significant difference found between the Go group
and the Go-Rift group in the third session, t(1124) = 0.95, p = 0.342, nor between the Go
group and the Rift group in the third session, t(2303) = 1.63, p = 0.104. This is different
from the prediction that individuals’ engagement will increase in a high-level VR
condition.

The mean of engagement had a significant decrease for the Go group from the
first session to the third session, t(1408) = -2.07, p = 0.039, Cohen’s d = 0.539. In
addition, the mean of engagement for the Rift group increased (2.61), while the Go group
decreased (-7.86). This is consistent with the prediction that engagement decreases more

slowly in a high-level VR condition after the novelty effect happens.
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Table 32

Descriptive Statistics of Engagement

Group  Session Mean Std. Error of Mean FMI
1 82.73 2.81 0.03
Go 2 84.36 3.04 0.06
3 74.87 3.96 0.10
1 77.47 2.90 0.00
Go-Rift 2 81.82 2.74 0.08
3 79.57 3.11 0.18
1 80.09 3.61 0.00
Rift 2 82.86 2.93 0.00
3 82.70 2.84 0.15
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Figure 14. Engagement for each session in each group

Quiz score. Table 33 and Figure 15 show the mean of quiz score for each session

in each group. There was no significant difference of quiz score between the low-level
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VR condition (the Go and the Go-Rift group) and the high-level VR condition (the Rift
group) in the first session, t(61) =-1.92, p = 0.059.

Moreover, the increase of quiz score from the second session to the third session
for the Go-Rift group was not significant, t(188) = 0.68, p = 0.500. Its differences with
the other two groups were also not significant in the third session. This is different from
the prediction that individuals’ learning achievement will increase in a high-level VR
condition.

The mean of quiz score did not have a significant decrease from the first session
to the third session for both the Go group and the Rift group. In addition, the decrease for
the Rift group (-0.40) was smaller than the Go group (-0.85). By percentage, the decrease
for the Rift group (0.40/9.90 * 100% = 4.04%) was still smaller than the Go group (0.85
/13.05 * 100% = 6.51%). This is consistent with the prediction that learning achievement
decreases more slowly in a high-level VR condition after the novelty effect happens.
Despite that, the mean for the Rift group was lowest among groups across all the three
sessions.

Table 33

Descriptive Statistics of Quiz Score

Group  Session Mean Std. Error of Mean FMI
1 13.05 1.49 0.00

Go 2 11.23 1.37 0.11

3 12.20 1.35 0.22

1 12.41 0.98 0.00

Go-Rift 2 10.37 1.13 0.05
3 11.10 1.17 0.18

1 9.90 1.03 0.00

Rift 2 10.20 0.99 0.00

3 9.50 1.12 0.23

109



25.00

20.00
o 15.00
&
3 \
wn
10.00
5.00
0.00
1 2 3
session
(50 Go-Rift Rift

Figure 15. Quiz score for each session in each group

Pre- and post-tests. Compared with scores in the pre-tests, all the three groups
had some increase in both the post-mental rotation test and the post-astronomy
knowledge test (see Table 34 and Table 35). Both the Go group and the Go-Rift group
had a significant increase in the post-mental rotation test: Go group, t(164) =2.80, p =
0.006, Cohen’s d = 1.192; Go-Rift group, t(146) = 3.59, p < 0.001, Cohen’s d = 1.411,
while no significant difference was found when comparing their pre- and post-test scores
in the astronomy knowledge test, respectively.

The Rift group showed the best performance in both the post-mental rotation test
and the post-astronomy knowledge test. It had the highest scores in these two tests. In
addition, it had a significant increase in both the mental rotation test, t(240) = 5.09, p <
0.001, Cohen’s d = 1.228, and the astronomy knowledge test, t(240) = 1.94, p = 0.044,

Cohen’s d =0.422.
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Table 34

Descriptive Statistics of Pre- and Post-Test Scores

Std. Error

Test Type Group Mean of Mean FMI

Go 4.57 0.51 0.00

Pre-Test Go-Rift 5.18 0.56 0.00

Mental Rotation Rift 4.65 0.53 0.00

Test Go 6.31 0.7 0.23

Post-Test Go-Rift 7.12 0.74 0.16

Rift 7.58 0.66 0.18

Go 7.67 0.85 0.00

Pre-Test Go-Rift 6.82 0.83 0.00

Astronomy Rift 7.05 0.83 0.00

Knowledge Test Go 8.51 0.93 0.18

Post-Test Go-Rift 7.62 1.01 0.23

Rift 8.71 0.9 0.23

Table 35
Comparison of Pre- and Post-Test Scores in Each Group
Mean Std. Error

Test Type Group Difference Mean t df p FMI
Mental Go 1.74 0.62 2.80 164 0.006 0.29
Rotation Go-Rift 1.93 0.54 359 146 <0.001 0.31
Test Rift 2.93 0.58 5.09 240 <0.001 0.24
Astronomy Go 0.84 1.03 0.82 624 0415 0.14
Knowledge  Go-Rift 0.80 0.74 1.08 78  0.283 0.43
Test Rift 1.66 0.86 1.94 199 0.044 0.26

Note. Pre-test scores are the reference

Completer analysis. Among 77 participants, 16 in the Go group, 16 in the Go-
Rift group, and 18 in the Rift group completed the three sessions. These completers’ data
were analyzed on SPSS 25. One-way ANOVA omni tests were conducted to check
whether the mean scores were equal among groups in the pre-mental rotation test and the
pre-astronomy knowledge test, respectively. Results showed that there was no significant

difference among groups in both the pre-mental rotation test, F(2, 47) = 1.99, p = 0.147,
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and the pre-astronomy knowledge test, F(2, 47) = 2.21, p = 0.121. However, the post-hoc
Fishers Least Significant Difference (LSD) tests showed that there were marginally
significant differences between the Go-Rift group and the Rift group in the pre-mental
rotation test (p = 0.078), between the Go group and the Go-Rift group in the pre-
astronomy knowledge test (p = 0.084), and between the Go group and the Rift in the pre-
astronomy knowledge test (p = 0.065).

Presence. Table 36 and Figure 16 show the mean of presence for each session in
each completer group. There was no significant difference of presence between the low-
level VR condition (the Go and the Go-Rift group) and the high-level VR condition (the
Rift group) in the first session, t(48)=1.16, p = 0.253.

In addition, there was no significant difference among sessions for the Go-Rift
group (F =2.76, p = 0.080) nor among the three groups in the third session, F(2,47) =
1.75, p = 0.184. Both are consistent with the analysis results after multiple imputation
and do not support the prediction that individuals’ presence will increase in a high-level
VR condition.

There was also no significant difference among sessions for both the Go group (F
=1.22, p =0.299) and the Rift group (F = 0.47, p = 0.580). Different from the analysis
result after multiple imputation, the Rift group had a smaller decrease (-2.47) than the Go
group (-6.33) from the first session to the third session. By percentage, the decrease for
the Rift group (2.47/76.47 * 100% = 3.23%) was still smaller than the Go group (6.33 /
69.98 * 100% = 9.05%). This is consistent with the prediction that presence decreases

more slowly in a high-level VR condition after the novelty effect happens.
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The trend analysis results showed that none of these three groups had a significant
linear or quadratic contrast (see Table 37). In other words, they did not show any definite
changing trend through sessions.

Table 36

Descriptive Statistics of Presence for Completers

Group Session Mean Std. Error of Mean Std. Deviation
1 69.98 4.18 16.71
Go 2 66.27 5.33 21.33
3 63.65 4.56 18.23
1 70.25 5.17 20.67
Go-Rift 2 62.38 6.99 27.98
3 75.53 3.64 14.54
1 76.47 4.46 18.91
Rift 2 73.57 4.84 20.53
3 74.00 5.71 24.23
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Figure 16. Presence for each session in each completer group
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Table 37

Within-Subjects Contrasts of Presence for Completers

Group Effect F p n?
Go Linear 1.755 0.205 0.105
Quadratic 0.038 0.847 0.003
Go-Rift Llnear. 0.968 0.341 0.061
Quadratic 4.243 0.057 0.221
Rift Linear 0.373 0.550 0.021
Quadratic 0.797 0.385 0.045

Sense of embodiment. Table 38 and Figure 17 show the mean of sense of
embodiment for each session in each completer group. There was a significant difference
of sense of embodiment between the low-level VR condition (the Go and the Go-Rift
group) and the high-level VR condition (the Rift group) in the first session, t(48) = 4.98,
p <0.001, Cohen’s d = 1.468.

Besides that, there was a significant difference among sessions for the Go-Rift
group (F = 11.40, p = 0.002, n? = 0.432). The post-hoc test result showed that the Go-Rift
group had a significant increase from the second session to the third session (p = 0.008,
Cohen’s d = 0.859). In addition, there was a significant difference among groups in the
third session, F(2, 47) = 14.01, p < 0.001, n2 = 0.374. Specifically, the Go-Rift group was
significantly higher than the Go group in the third session (p = 0.002, Cohen’s d = 1.181).
Both are consistent with the analysis results after multiple imputation and the prediction
that individuals’ sense of embodiment will increase in a high-level VR condition.

There was no significant difference among sessions for both the Go group (F =
1.28, p = 0.292) and the Rift group (F = 1.62, p = 0.213). In addition, the Rift group had a

smaller decrease (-2.13) than the Go group (-8.67). By percentage, the decrease for the
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Rift group (2.13/76.67 * 100% = 2.78%) was much smaller than the Go group (8.67 /
48.44 * 100% = 17.90%). This is consistent with the analysis result after multiple
imputation and the prediction that sense of embodiment decreases more slowly in a high-
level VR condition after the novelty effect happens. Besides this, the Rift group had a
significant higher sense of embodiment than the Go group across sessions (see Table 39).
The trend analysis results showed that the Go-Rift group had significant linear
and quadratic contrasts (see Table 40). This means that the changes of the Go-Rift group

had a definite curve, as well as an overall upward trend.

Table 38

Descriptive Statistics of Sense of Embodiment for Completers

Group Session Mean Std. Error of Mean Std. Deviation
1 48.44 6.57 26.30
Go 2 45.69 5.49 21.96
3 39.77 5.66 22.65
1 36.42 5.76 23.04
Go-Rift 2 38.63 6.39 25.56
3 65.75 5.33 21.31
1 76.67 4.65 19.72
Rift 2 68.59 4.83 20.50
3 74.54 3.48 14.76

115



100.00

90.00

80.00

70.00

60.00

50.00

score

40.00

30.00
20.00
10.00

0.00
1 2 3

session

(G0 e (G0 -Rift Rift

Figure 17. Sense of embodiment for each session in each completer group

Table 39

Comparison of Sense of Embodiment for Completers Between the Go Group and the Rift
Group

Session ~ Mean Difference t df p Cohen’s d
1 28.23 3.57 32 0.001 1.225
2 22.91 3.15 32 0.004 1.081
3 34.77 5.23 32 <0.001 1.842

Note. The Go completer group is the reference group
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Table 40

Within-Subjects Contrasts of Sense of Embodiment for Completers

Group Effect F p n’
Go Linear 1.62 0.222 0.097
Quadratic 0.23 0.641 0.015
. Linear 12.93 0.003 0.463
CORIft jadratic  7.63 0015 0.337
Rift Linear 0.25 0.625 0.014
Quadratic 2.63 0.123 0.134

Motivation. Table 41 and Figure 18 show the mean of motivation for each session
in each completer group. There was no significant difference of motivation between the
low-level VR condition (the Go and the Go-Rift group) and the high-level VR condition
(the Rift group) in the first session, t(48)=1.12, p = 0.267.

Despite that, there was a significant difference among sessions for the Go-Rift
group (F = 5.55, p = 0.009, n?> = 0.270). The post-hoc test result showed that the Go-Rift
group had a significant increase from the second session to the third session (p = 0.035,
Cohen’s d = 0.719). In addition, there was a significant difference among groups in the
third session, F(2, 47) =3.32, p =0.045, n2 = (.124. Particularly, the post-hoc test result
showed that the Go-Rift group was significantly higher than the Go group in the third
session (p = 0.041, Cohen’s d = 1.182). Both are consistent with the analysis results after
multiple imputation and the prediction that individuals’ sense of embodiment will
increase in a high-level VR condition.

There was no significant difference among sessions for both the Go group (F =
0.31, p=0.739) and the Rift group (F = 0.08, p = 0.927). In addition, the Rift group had a

smaller decrease (-0.43) than the Go group (-2.42) from the first session to the third
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session. By percentage, the decrease for the Rift group (0.43 /92.89 * 100% = 0.46%)
was also smaller than the Go group (2.42 / 89.46 * 100% = 2.71%). This is consistent
with the analysis result after multiple imputation and the prediction that motivation
decreases more slowly in a high-level VR condition after the novelty effect happens.

The trend analysis results showed that the Go-Rift group had significant linear
and quadratic contrasts (see Table 42). This means that the changes of Go-Rift group had

a definite curve, as well as an overall upward trend.

Table 41

Descriptive Statistics of Motivation for Completers

Group Session Mean Std. Error of Mean Std. Deviation
1 89.46 3.12 12.48
Go 2 88.21 2.65 10.59
3 87.02 2.58 10.33
1 86.87 3.90 15.58
Go-Rift 2 85.46 3.94 15.77
3 96.33 1.04 4.17
1 92.89 3.49 14.82
Rift 2 91.80 2.77 11.74
3 92.46 3.18 13.51

118



100.00

90.00

80.00

70.00

60.00

50.00

score

40.00
30.00
20.00
10.00

0.00
1 2 3
session

e (50 Go-Rift Rift

Figure 18. Motivation for each session in each completer group

Table 42

Within-Subjects Contrasts of Motivation for Completers

Group Effect F p n?
Go Linear 0.388 0.543 0.025
Quadratic 0.000 0.986 0.000
Go-Rift Linear 5.432 0.034 0.266
Quadratic 5.773 0.030 0.278
Rift Linear 0.023 0.881 0.001
Quadratic 0.125 0.728 0.007

Cognitive load. Table 43 and Figure 19 show the mean of cognitive load for each
session in each completer group. There was no significant difference of cognitive load

between the low-level VR condition (the Go and the Go-Rift group) and the high-level
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VR condition (the Rift group) in the first session, t(48) = 0.71, p = 0.483. Furthermore,
the mean of cognitive load was stable across sessions and was similar among groups in
the same session. There was a slight increase from the first session to the second session
for all groups.

The trend analysis results showed that none of the three groups had a significant
linear or quadratic contrast (see Table 44). In other words, they did not show any definite

changing trend through sessions.

Table 43

Descriptive Statistics of Cognitive Load for Completers

Group  Session Mean Std. Error of Mean Std. Deviation

1 26.41 5.56 22.24

Go 2 37.06 5.84 23.37

3 39.59 7.62 30.50

1 29.69 4.77 19.08

Go-Rift 2 40.19 6.35 2541
3 39.63 591 23.62

1 32.22 4.55 19.30

Rift 2 34.61 5.58 23.67

3 35.69 5.84 24.79
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Figure 19. Cognitive load for each session in each completer group

Table 44

Within-Subjects Contrasts of Cognitive Load for Completers

Group Effect F p n?
o Linear 2717 0.120 0.153
Quadratic  0.637 0.437 0.041
. Linear  4.119 0.061 0.215
Go-Rift ) adratic  1.168 0.297 0.072
Rt Linear 0477 0.499 0.027
Quadratic ~ 0.030  0.865 0.002

Engagement. Table 45 and Figure 20 show the mean of engagement for each

session in each completer group. There was no significant difference of engagement
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between the low-level VR condition (the Go and the Go-Rift group) and the high-level
VR condition (the Rift group) in the first session, t(48) = 0.29, p = 0.775.

The Go-Rift group had a small decrease but not increase from the second session
to the third session. This is consistent with the analysis result after multiple imputation
but different from the prediction that individuals’ engagement will increase in a high-
level VR condition.

Only the Go group had a significant difference among sessions (F =3.41, p =
0.046, n2 = 0.185). However, the post-hoc test results showed that there was no
significant difference between the first session and the third session (p = 0.134) nor
between the second session and the third session (p = 0.239). Furthermore, there was a
significant difference among groups in the third session, F(2, 47) = 3.65, p = 0.034, > =
0.134. The post-hoc test result showed that the Rift group was significantly higher than
the Go group in the third session (p = 0.034, Cohen’s d = 0.887). In addition, the mean of
engagement for the Rift group increased (2.42) from the first session to the third session,
while the Go group decreased (-9.94). This is consistent with the analysis result after
multiple imputation and the prediction that engagement decreases more slowly in a high-
level VR condition after the novelty effect happens.

The trend analysis results showed that the Go group had a significant linear
contrast (see Table 46). This means that the changes of the Go group had a definite

overall downward trend.
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Table 45

Descriptive Statistics of Engagement for Completers

Group Session Mean Std. Error of Mean Std. Deviation
1 81.09 3.42 13.67
Go 2 7991 3.59 14.35
3 71.15 4.46 17.82
1 79.99 3.38 13.53
Go-Rift 2 82.59 3.58 14.30
3 80.56 3.42 13.68
1 81.77 3.84 16.30
Rift 2 84.77 2.66 11.27
3 84.19 2.65 11.24
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Figure 20. Engagement for each session in each completer group
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Table 46

Within-Subjects Contrasts of Engagement for Completers

Group Effect F p n?
Go Linear 4.79 0.045 0.242
Quadratic 137 0.260 0.084
. Linear 0.04 0.839 0.003
Go-Rift ) adratic  1.10 0.310 0.069
Rit Linear 0.04 0.839 0.003
Quadratic ~ 1.10 0.310 0.069

Quiz score. Table 47 and Figure 21 show the mean of quiz score for each session
in each completer group. There was no significant difference of quiz score between the
low-level VR condition (the Go and the Go-Rift group) and the high-level VR condition
(the Rift group) in the first session, t(48) = 1.51, p=0.137.

Moreover, there was no significant difference among sessions in the Go-Rift
group (F =1.86, p =0.174) nor among the three groups in the third session, F(2, 47) =
1.21, p =0.307. Both are consistent with the analysis results after multiple imputation
and do not support the prediction that individuals’ learning achievement will increase in a
high-level VR condition.

There was no significant difference among sessions for both the Go group (F =
0.53, p=0.597) and the Rift group (F = 0.22, p = 0.808). Moreover, the means for the
Rift group were lowest among groups across all the three sessions. Despite this, the
decrease for the Rift group (-0.61) was larger than the Go group (-0.37). By percentage,
the decrease for the Rift group (0.61/9.78 * 100% = 6.24%) was still larger than the Go

group (0.85/12.00 * 100% = 3.08%). Both are different from the analysis results after
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multiple imputation and the prediction that learning achievement decreases more slowly
in a high-level VR condition after the novelty effect happens.

The trend analysis results showed that none of the three groups had a significant
linear or quadratic contrast (see Table 48). In other words, they did not show any definite
changing trend through sessions.

Table 47

Descriptive Statistics of Quiz Score for Completers

Group  Session Mean Std. Error of Mean Std. Deviation
1 12.00 1.57 6.28
Go 2 10.81 1.54 6.16
3 11.63 1.23 4.92
1 12.00 1.11 4.43
Go-Rift 2 10.19 1.29 5.18
3 10.88 1.24 4.96
1 9.78 1.00 4.24
Rift 2 9.33 0.97 4.10
3 9.17 1.03 4.37
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Figure 21. Quiz score for each session in each completer group
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Table 48

Within-Subjects Contrasts of Quiz Score for Completers

Group Effect F p n?
e Linear _ 0.13 0.720 0.009
Quadratic 076 0.396 0.048
 Linear 119 0.293 0.073
Go-Rift ) adratic  2.82 0.114 0.158
i Linear 041 0.532 0.023
Quadratic  0.03 0.871 0.002

Pre- and post-tests. Compared with the pre-tests, all the three groups had some
increase in both the post-mental rotation test and the post-astronomy knowledge test (see
Table 49 and Table 50). Aside from the Go group in the post-astronomy knowledge test,
all groups had a significant increase in both the post-mental rotation test and the post-
astronomy knowledge test.

The increase of the Rift group had the largest effect size among groups in both
these two tests. This is consistent with the analysis results after multiple imputation.
Specifically, the Go group had a significant increase in the post-mental rotation test, t(15)
=2.73, p =0.016, Cohen’s d = 0.685; the Go-Rift group had a significant increase in both
the post-mental rotation test, t(15) = 3.44, p = 0.004, Cohen’s d = 0.862, and the post-
astronomy knowledge test, t(15) = 2.22, p = 0.042, Cohen’s d = 0.555; the Go-Rift group
had a significant increase in both the post-mental rotation test, t(17)= 6.69, p < 0.001,
Cohen’s d = 1.577, and the post-astronomy knowledge test, t(17) =2.43, p = 0.026,

Cohen’s d =0.573.
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Table 49

Descriptive Statistics of Pre- and Post-Test Scores for Completers

Std. Error of Std.

Test Type Group Mean Mean Deviation
Go 5.44 0.79 3.14
Pre-Test  Go-Rift 5.63 0.80 3.20
Mental Rotation Rift 3.89 0.47 2.00
Test Go 7.06 0.78 3.11
Post-Test  Go-Rift 7.06 0.90 3.60
Rift 6.33 1.01 4.28
Go 9.00 1.05 4.20
Pre-Test  Go-Rift 6.44 0.95 3.81
Astronomy Rift 7.06 0.56 2.36
Knowledge Test Go 9.06 1.02 4.09
Post-Test  Go-Rift 7.50 1.09 4.35
Rift 7.94 0.86 3.64

Table 50

Comparison of Pre- and Post-Test Scores in Each Completer Group

Mean Std. Error Std.

Test Type = Group Difference Mean  Deviation t df p
Mental Go 1.63 0.60 2.38 2.73 15 0.016
Rotation  Go-Rift 1.44 0.42 1.67 3.44 15 0.004
Test Rift 3.17 0.47 2.01 6.69 17 <0.001
Astronomy Go 0.06 1.03 4.11 0.06 15 0.952
Knowledge Go-Rift 1.06 0.48 1.91 2.22 15 0.042
Test Rift 1.61 0.66 2.81 2.43 17 0.026

Summary. The results of completer analysis are very similar to the analysis
results after multiple imputation. There are only two differences directly related to initial
predictions and one minor difference in data comparison which does not influence final
conclusions. The first is that the result of completer analysis showed that the Rift group
had a smaller decrease from the first session to the third session, while the analysis result

after multiple imputation showed that the Rift group had a larger decrease from the first
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session to the third session. The second is that that the completer analysis result showed
that the Rift group had a larger decrease from the first session to the third session, while
the analysis result after multiple imputation showed that the Rift group had a smaller
decrease from the first session to the third session. The minor difference in data
comparison is that the Go group did not show the highest engagement among groups in
the first session and the highest engagement in the second session among sessions within

its group.

Qualitative Results

A total of 12 themes were found after two rounds of qualitative analysis. Eight of
them provided evidence to support findings in the quantitative strand. Three offered the
context to help researchers understand why some hypotheses and predictions were not
supported by the quantitative results. One showed a deviation when it was compared with
the quantitative result. Table 51 is a comparison of these themes and corresponding

quantitative results.
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Table 51

Comparison of Themes and Quantitative Results

Themes

Quantitative Results

Support significant findings in quantitative research

motivation for the Rift group

1. VR condition influenced sense of VR condition had a directly positive effect
embodiment on sense of embodiment

2. VR condition / Sense of embodiment | Sense of embodiment had a directly
influenced presence positive effect on presence

3. Sense of embodiment influenced Sense of embodiment had a directly
motivation positive effect on motivation

4. Presence influenced motivation Presence had a directly positive effect on

motivation

5. Interviewees’ sense of embodiment Sense of embodiment increased
increased when they came into the significantly in a high-level condition
high-level VR condition from the
low-level VR condition

6. Interviewees’ motivation increased Motivation increased significantly in a
when they came into the high-level high-level condition
VR condition from the low-level VR
condition

7. The sense of embodiment had more Sense of embodiment decreased more
potential to increase in a high-level slowly in a high-level VR condition than
VR condition than in a low-level VR | in a low-level VR condition after the
condition after the first session. novelty effect happened

8. Complexity delayed the decrease of Motivation decreased more slowly in a

high-level VR condition than in a low-
level VR condition after the novelty effect
happened

Provide context to understand rejected hypotheses or predictions

with operation more significantly
delayed the decrease of motivation
than the decrease of presence in the
high-level VR condition

1. Learning material was easily VR condition did not have a directly
understood negative effect on cognitive load
2. The process of becoming familiar Presence did not decrease more slowly in a

high-level VR condition than in a low-
level VR condition after the novelty effect
happened
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3. Manipulation distracted text reading | a. Motivation did not have a directly
positive effect on learning achievement

b. Engagement did not increase
significantly in a high-level VR
condition

c. Learning achievement did not increase
significantly in a high-level VR
condition

Deviation

1. Interviewees’ presence increased Presence did not increase significantly in a
when they came into the high-level high-level VR condition.
VR condition from the low-level VR
condition.
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The following are the theme passages in the order as Table 51. The first eight are
those which supported quantitative results.
1. VR condition influenced sense of embodiment (Quantitative result: VR condition had

a directly positive effect on sense of embodiment.)

Due to the differences between VR applications, interviewees in the Go group had
a lower sense of embodiment than those in the Rift group. Interviewees in the Go group
pointed out the design deficiencies of their application: the insufficient capability in
control and the rigid virtual body. Their feeling of body ownership and free control was
very low or even did not exist through sessions. For example, T_29, an interviewee in the
Go group, said, “I just, I don't know. I just didn't feel connected to it [the virtual body]. It
was really rigid. It never moved.” The response from P_21, another interviewee in the Go
group, is similar:

I mean it was sitting the entire time and I was standing so I didn't really feel like

that body was mine. I mean, if it was one to one then that'd be something else, but
really, I just had a virtual model of a pointer and it just controlled what I did.

By contrast, five out of six interviewees in the Rift group felt that they could
control the virtual body as their own, and the left one felt the sense of embodiment was
little for her unfamiliarity with operating the VR application. The five interviewees
explained that this was because the virtual hands and fingers could be manipulated and
moved as real ones. P_39 was an interviewee in the Rift group. He said, “Because I had
the controller and it had my hand on it and so, when I brought the planet over and I was
manipulating it, I felt like I was manipulating it with my hand.” Overall, interviewees in

the Rift group had a higher sense of embodiment than those in the Go group.
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2. VR condition / Sense of embodiment influenced presence (Quantitative result: Sense
of embodiment had a directly positive effect on presence.)

In general, interviewees in the Go group agreed that they had a sense of being in
the universe. Particularly, when the spaceship was in the state of auto pilot and they
looked around the universe, they had the highest sense of being in the universe. This
feeling was more often evoked in the second and the third sessions, when they became
familiar with the application. T_36 described his experience, “In the second session, it
felt kind of real, everything looked so in detail. When I was traveling, you could actually
see all the planets, like going- It felt like the autopilot was fast.” T_11 recalled his
experience in the third session:

What's interesting is when I clicked past Pluto and it started taking me toward the

sun, I think it sounded like there was wind and stuff going and it sounded more

realistic as opposed to everything else. Cause there was just like music playing
throughout it.

Nevertheless, a lack of control over the avatar might undermine this sense and
made an interviewee feel that she was in a room. P_31, an interviewee in the Go group,
said:

There were times I knew I was in the room, if I moved or something just moved

my arm or something like that. But most of the time, I felt like I was in the

spaceship and the virtual body felt like I was inside there. So it was cool with the
layout of the VR, it felt like I was actually in the space shuttle going to each body
and learning about it.

By contrast, besides being in the state of auto pilot, interviewees in the Rift group
said that when they were in front of the celestial bodies, they felt small. This feeling also
made them have a sense of being in the universe across sessions. Feeling small is

individuals’ response to visual stimuli, which is a form of perceived embodiment

(Gonzalez-Franco & Peck, 2018). P_30, an interviewee in the Rift group, said, “[I had the
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highest sense of being in the universe in the first session.] During the first one, I
definitely got lost in the virtual reality, where I was just so small in comparison to
everything else.”

In summary, interviewees’ sense of presence was influenced by the capability of
flexible control and body ownership. Interviewees in the Rift group had more
opportunities to enjoy the sense of being in the universe in this VR learning experience
than those in the Go group.

3. Sense of embodiment influenced motivation (Quantitative result: Sense of
embodiment had a directly positive effect on motivation.)

Interviewees in the Rift group felt that their VR learning experience was
interesting. When talking about why they were interested in this VR application or this
VR learning experience, interviewees in the Rift group referred their interest to the
interaction with the virtual environment. Their responses to whether they were interested
in this experience were mostly very confirmative. Interviewee P_30 said:

Very, extremely, a hundred times. [...... ] It was a completely different activity
than I've ever done in my life. The way that I learned wasn't just listen to a lecture
or taking notes. It was way more hands on, way more detailed, and I felt as
though I could really envelop the material at hand versus just reading it on a piece
of paper.

Interviewee P_25 added:

I'd say it's more than interesting. I'd definitely say it's groundbreaking when it
comes to learning because rather than just say do a lecture you're interacting with
the planets, you're getting to see all the features, you get to twist around the
planet. One of the things I did with some of the bigger planets is that I would
climb up let's say Neptune I would climb up the middle and then I'd fly up above
it so I could see it from a top down view. That was definitely something that you
can't really do when you're sitting in a lecture just scribbling away at notes.

Interviewee P_37 did a comparison:
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I think it's an experience that a lot of people don't have, being in space, and flying
around, and seeing these things, and looking around freely. [...... ] The most
interesting thing was being able to grab the planets, and move them around, and
look at them from different angles. You can't do that with a picture or a video. You
can't look at the top and then twist it around and look at the bottom.

4. Presence influenced motivation (Quantitative result: Presence had a directly positive
effect on motivation)

Interviewees in the Go group also felt that their VR learning experience was
interesting. When talking about why they were interested in this VR application or this
experience, they responded that this was because of visual learning. P_29 said, “Well,
yeah. [......] I just got to see them. I felt like saw them in person. You know I didn't, I
know I didn't. I just felt like I was there in person to see all the planets. So I thought that
was really interesting how I got to visualize that.” P_31 recalled her experience:

I thought it was pretty cool. If it was an application, I would probably play it all

the time. So I thought it was pretty interesting just to learn about all the celestial

bodies and see the images that are taken by actual cameras in the satellites and
everything. So you can get a glimpse of the surface of the celestial body you were

looking at. So it felt more real than the virtual body itself. Like, "Oh this is what it
actually looks like.

5. Interviewees’ sense of embodiment increased when they came into the high-level
VR condition from the low-level VR condition (Quantitative result: Sense of
embodiment increased significantly in a high-level VR condition.)

Interviewees in the Go-Rift group had the highest sense of embodiment in their
third session. Six interviewees provided effective responses. Five of them ranked the
third session as the one in which they had the highest sense of embodiment. They
attributed this to the VR application (Rift version), in which they had visible virtual
hands and fingers, and more flexible control than before. P_23 did a comparison of her

experience between these two different conditions:
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I feel like I could, because I could see what my hands are doing. I can move my
thumbs and it would move the thumbs too in the game. So it was like, okay that's
kind of cool. So like whenever I would move my thumb I would see the thumb
like come up and it was, it was really nice. But yeabh, it's pretty good. [......]
Whenever I would grab the planets, it did exactly what I was doing. It felt more
real to me than if I was just like here grabbing nothing.[...... ] for the first part, the
first two sections, I feel like it wasn't that as well an experience because I only
had one hand here. I could feel this hand just on my side. You know? The first two
weren't as good as this last one. This last one I actually turned, I moved, and I got
scared and you know.

T_22 was the only exception. He ranked his feeling to be equal across sessions.
His argument was that the visible movement of the virtual body was still very limited in
the third session. He proposed that further improvement could include adding the visible
leg movement and the capability of sitting down in the spaceship.

6. Individuals' motivation increased when they came into the high-level VR condition
Jrom the low-level VR condition (Quantitative result: Motivation increased
significantly in a high-level VR condition.)

Most interviewees in the Go-Rift group had the highest interest and motivation to
continue to play in their third session. Eight interviewees provided effective responses.
Seven of them ranked the third session as the one that they had the highest interest and /
or motivation to continue to play. Three interviewees referred fun as the main reason.
P_37 evaluated this experience:

I think it's an experience that a lot of people don't have, being in space, and flying

around, and seeing these things, and looking around freely. [...... ] The most

interesting thing was being able to grab the planets, and move them around, and

look at them from different angles. You can't do that with a picture or a video. You
can't look at the top and then twist it around and look at the bottom.

T_22 also attributed his high interest in the third session to the various tools and
functions. This tools and functions made him more engaged in the environment, and then

feel more interest. T_37 was the only one that did not rank the third session as the highest
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one. He ranked the first session as the highest for newness. He explained that his interest
and motivation was constrained by playing time; he was very busy every day. The Rift-
version application, which was used in the third session for the Go-Rift group, was more
complicated than the Go-version. On average, participants spent longer time to play in
the Rift environment than the Go environment. This partly supported why T_37 did not
choose the third session as the highest one:

Just kind of in general my interest to keep playing was kind of based off of how I
felt like how long I felt I was in it just because I know that there's like I have to
answer questions, I need to do a little survey and stuff. I didn't want to take up too
much time. So my interest in keep playing was mainly based off of that. So it's
like if I felt like I was taking a long time I'd probably say oh, no I read the
information, I generally understand it. I think I'm good. Whereas one of the other
times I think I went back for just a little bit. I felt like, okay, I haven't been in here
for that long and I would like to go over this information a little bit more. So.

7. The sense of embodiment had more potential to increase in a high-level VR
condition than a low-level VR condition after the first session. (Quantitative result:
Sense of embodiment decreased more slowly in a high-level VR condition than in a
low-level VR condition after the novelty effect happened.)

Five interviewees in the Rift group provided effective responses. Four of them
ranked the first session as the one that they felt least control and body ownership due to
unfamiliarity. P_25 was one of them. He explained:

I feel like session two was also probably the best where you could control it the

best. Session one is probably the least because you're getting used to it and then

session three is moderate because you're already used to it, but I see session two
or three being either the most interesting or moderate. I see either one of them.

The fifth interviewee in the Rift group felt that his capability of control and
feeling of body ownership was equal across sessions for his own intuition.
By contrast, the sense of embodiment for interviewees in the Go group was

almost the same across sessions. Six interviewees in the Go group provided effective
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ranking. Three of them responded that their feeling was equal across sessions and they
did not feel that the virtual body was their own. P_21 explained that this was because of
the VR application, “Pretty much the same across the three sessions. [......]. I mean,
realistically we're using the same program and it was the same body that I was as in and
so, yeah I mean nothing really changed that often within the body, so yeah.” The other
three interviewees in the Go group ranked the first session as the highest or the lowest for
different reasons: one ranked it as the highest for newness, one ranked it as the lowest for
being unfamiliar with the environment, the last one ranked it as the lowest for he could
not point to a target precisely with the virtual controller in that session.

Overall, being unfamiliar with operation might influence interviewees’ sense of
embodiment for both the Rift group and the Go group. Relatively, its influence on the
Rift group was larger. This led to a lower decrease of sense of embodiment for the Rift
group across sessions.

8. Complexity delayed the decrease of motivation for the Rift group (Quantitative
result: Motivation decreased more slowly in a high-level VR condition after the
novelty effect happened.)

Three out of five interviewees in the Rift group mentioned that although they
were motivated in the first session for newness, they liked the second or the third session
more than the first session. This was because they were more used to the environment
and the learning task at that time. The response from P_30 is a typical example:

One being the least, 10 being the most interested. [The first session], I would say
probably about an eight. I would say an eight because I was interested, but I was
also very nervous. In the second one I was about an eight and a half, because
although I felt as though it was more difficult in that session, I still was
determined to fulfill it and complete this part of the research. In this one I'm about
a 10. [......] Just because I feel more comfortable and it was intriguing about the
moons and stuff.
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By contrast, newness was a main factor that influenced interviewees’ interest and
intrinsic motivation to play for the Go group. Three out of five interviewees in the Go
group ranked the first session as the one that they had the highest interest and intrinsic
motivation. They attributed that to newness. For example, P_29 said, “After the end of
the first session I was really interested because it was just new to me, and I was excited,
and then I guess my interest kind of declined a little bit over time. [......] It just felt like
the same thing just repeated.” P_31 was supper excited after the first session:

I would say actually the first session would be the highest [motivation to play]

because I started out with it and it was an astronomy VR and astronomy is

interesting to me. So after I finished with the first session, it was like, "Oh, can't

wait for the second session." So it would probably just go in order for the first
would be the highest, and then the second is the middle.

The following three themes are those which provided context to help researchers
understand why and how the initial hypotheses or predictions were rejected by
quantitative results.

1. Learning itself was easily understood. (Quantitative result: VR condition did not
have a directly positive effect on cognitive load.)

All but one interviewee said that the learning material was not difficult. This was
because it was only factual information, neither complex nor abstract. P_39 said, “It was
very clear, and it wasn't confusing at all, and it was straight forward.” It was possible for
a novice in the astronomy field to learn easily. P_23 said, “Well it was really new to me,
because I didn't really know much about solar system. I felt like, because I kind of knew
what I was looking for, it wasn't as hard as I thought it was going to be.” T_37 took the
same attitude, “I didn't feel like it was difficult though there's a lot of information that I've

never really researched about. I don't really know much about planets in general, but it's a
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lot of information that's easy to understand and comprehend.” T_28 was the only
exception. She attributed the perceived difficulty to her lack of knowledge in the
astronomy field. Furthermore, despite that most interviewees did not feel that the learning
content was difficult, six of them pointed out that memorizing all the facts in a session
was sometimes hard. P_29 said:
The information individually wouldn't be difficult. I can memorize all the facts
about Pluto, but then to memorize all the facts about... Or try and learn all the
facts about Pluto, and then Neptune and then Uranus, and then all the moons in

between those. That was like a bit much. There was a lot of information to try and
learn at once.

Similarly, P_26 said, “I did not think the learning task was very difficult at all.
Like I said, it's just me myself, I have a hard time remembering certain little details. I'll
remember one or two here but remembering all of them is a little hard.”

2. The process of becoming familiar with operation more significantly delayed the
decrease of motivation than the decrease of presence in the high-level VR
condition. (Quantitative result: Presence did not decrease more slowly in a high-level
VR condition after the novelty effect happened.)

Five out of six interviewees in the Rift group provided effective ranking responses
for their interest and motivation across sessions. Three of them did not select the first
session as the session that they had the highest interest and motivation. They mentioned
that although they were motivated in first session for newness, they liked the second or
the third session more than the first session. This was because they were more used to the
environment and the learning task at that time. The response from P_30 is a typical
example:

One being the least, 10 being the most interested. [The first session], I would say

probably about an eight. I would say an eight because I was interested, but I was

also very nervous. In the second one I was about an eight and a half, because

although I felt as though it was more difficult in that session, I still was
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determined to fulfill it and complete this part of the research. In this one I'm about
a 10. [......] Just because I feel more comfortable and it was intriguing about the
moons and stuff.

By contrast, four of them ranked the first session as the highest session that they
had the sense of being in the universe than in a room. They attributed this to the
environment’s newness but realistic. This sense was decreased when they were familiar
with the environment and found issues in fidelity. For example, T_28 said:

In the first session, I was very curious and felt very realistic. This sense of reality

was slightly dropped in the following sessions. It was mainly reflected in the

universe, which should be active, while it was still slightly like a mirror in VR. Of
course, it was more realistic than 2-D pictures.

The response from P_30 was similar:
During the first one, I definitely got lost in the VR reality, where I was just so
small in comparison to everything else. The second one, I was a lot more in a

sense that I was in a room. In the third one I was just like, I was a lot more
comfortable. I was like, I'm in a room and I'm in the solar system.

P_25 was the only interviewee in the Rift group that did not choose the first
session as the one affording the highest sense of being in the universe. He said that there
were two reasons. One was that he could not comfortably control the application in the
first session. The other was that celestial bodies in the first session were less interesting
than those in other sessions.

In summary, the process of becoming familiar with operation influenced both the
decrease of motivation and the decrease of presence for interviewees in the Rift group.
Relatively, its influence on the decrease of motivation was perceived by more
interviewees. Besides the influence of unfamiliarity with operation, the decrease of

presence was also influenced by the fidelity of the virtual environment.
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3. Manipulation distracted text reading (Quantitative results: a. Motivation did not
have a directly positive effect on learning achievement; b. Engagement did not
increase significantly in a high-level VR condition; c. Learning achievement did not
increase significantly in a high-level VR condition.)

Most interviewees in the Go-Rift group felt that manipulation was distracting for
memorizing text information in the third session. Seven interviewees provided effective
responses. Six of them agreed that rotating, zooming in and out, and grabbing was
distracting in memorizing text information. For example, P_37 said, “In this [third]
session, I would read the text boxes, and then I would spend time flying towards the body
and spinning around looking at it. By the time I was done with that, I'd kind of forgotten
what I had read.” He felt that observing 3-D models was more helpful. “In the first one,
there was just enough to see, that it didn't distract from reading the text and/or retaining
the information.” P_32 took a similar point of view as P_37. He did not feel that
interacting with the celestial bodies was connected very well with the actual information.
He felt that observing models was “a little straighter forward and there's less to think
about in the ideas of controls and everything”.

P_23 was the only exception. She said that she had the highest concentration in
the third session. Rotating, zooming in and out, and grabbing was interesting but not
distracting. She felt that this learning method was more effective than observing 3-D
models. She said:

For the first and second [sessions], I had to only read, and just click one button. I

was just concentrating on reading and I feel like it confused me. I had to read so

much. [...In this session,] I was able to grab it and move [a celestial body] in front

of me, above me, beside me, and stuff like that. I felt like it was a lot better than
having to just look at it from far away.
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P_24 took another point of view. She admitted that learning in the first two
sessions were easier with less distracted grabbing and clicking buttons. She also thought
that interaction enhanced it memorable, “The third one is if you wanted to go back and

you remember it a little more because it was a fun experience for you.”

Following is the theme that showed a deviation with the corresponding
quantitative result.

1. Interviewees’ presence increased when they came into the high-level VR condition
Jrom the low-level VR condition (Quantitative result: Presence did not increase
significantly in a high-level VR condition.)

While this prediction was rejected by the quantitative result, it was supported by

the responses from most interviewees in the Go-Rift group. Specifically, six out of seven
interviewees ranked the third session as the one that they had the highest degree of being
in the universe. They explained that this was because of more interaction with the
surrounding and more free control on the virtual body. For example, P_32 said:
[......] with this [third session] it happened a lot more often [that it was like in the
universe but not in a room] because that it had the more options to fly out, to

interact and just in general have more interactivity with the actual celestial body
and the information. So I feel like this one was a little more out -of-body I guess.

Furthermore, T_22 mentioned that due to more options, he could be “more
engaged in terms of looking at the universe and looking at the planets and understanding
everything”. This increased his feeling of being in the universe in the third session.
However, T_29 ranked the third session as the lowest and the first session as the highest.
She felt that some functions in the third session was not realistic:

I think changing the map on the celestial body just made it seem like it was more
of a virtual reality, as opposed to the first one. [...... Ranking the first session as
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the highest one] probably because it was my first time doing virtual reality. So it
was new.

143



CHAPTER 5
DISCUSSION
The purpose of this study was to assess the impact of a VR condition on an

effective STEM learning experience with a consideration of novelty. Based on prior
literature, a model that described how VR influenced a learning experience and a series of
predictions that related to novelty in VR learning were established. To validate the model
and these predictions, a multi-session experiment was designed and implemented.
Quantitative data were collected before, during, and after the experiment, and then
analyzed. Interview were taken after the experiment. Its purpose included triangulating
and explaining the quantitative results. This chapter focuses on interpretations of study
results, its contributions and implications, limitations, and recommendations for future

research.

Interpretations of Study Results

The interpretations of study results were conducted based on the research
questions in this study. It included four parts: (1) the impact of a VR condition on an
effective learning experience, (2) the magnitude of novelty effects in a VR learning
experience, (3) the attenuated effectiveness of a VR condition after the novelty effect
happens, and (4) the overall trends of assessed factors.

The impact of a VR condition on an effective learning experience. The first
research question in this study is how a VR condition impacts an effective VR learning

experience. The established cross-sectional model implies an uncertainty effect of
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embodiment on VR learning and the important mediation role of motivation and
engagement in the VR learning process. This conclusion is based on the following facts:

The result that VR condition did not show a significant effect on cognitive load is
against most prior research that advocated embodied learning (Goldin-meadow et al.,
2001; Hu, Ginns, & Bobis, 2015; Paas & Sweller, 2012). The limitation of modality
effects in the traditional multimedia learning field may explain the weak relationship
between VR condition and cognitive load in this study. Modality effects refers to a
phenomenon that individuals have a higher learning achievement for a reduced cognitive
load when both visual and audio channels are involved in the learning process (Sweller et
al., 1998). Modality effect is recognized as invalid in a low element interactivity
environment, in which information being processed is not constrained by the capability of
working memory (Sweller et al., 1998; Tindall-ford, Chandler, Sweller, & Bartlett, 1997).
The explanation may be applicable to this study, which initially predicted that a high-
level VR condition could reduce cognitive load in learning for its capability of allowing
manipulation. Text information was the main source of learning content in this VR
learning experience. Evidence from the mean of cognitive load and responses from
interviewees showed that text information was easily understood. Manipulation has the
potential to lower cognitive load through creating embodied representations (Glenberg,
1997; Ping & Goldin-meadow, 2010). However, when the learning difficulty is small or
moderate, this effectiveness may not be obvious.

In addition, the results showed that the both sense of embodiment and presence
did not have a significantly direct effect on engagement, while the indirect effect of

presence on engagement through motivation was significant. This finding highlights the
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mediation role of motivation for enhancing participants’ engagement. If a participant
didn’t have an interest in using VR to learn astronomy knowledge, this participant would
not engage in the learning activity even in a high-level VR condition. This finding is in
line with the claim that high presence is an antecedent of engagement but not a requisite
one in a virtual or video environment (Hoffman & Nadelson, 2010; Hoffman & Novak,
2009). Most prior studies that found a significant direct effect from presence and
engagement did not involve a consideration of mediators in their research (Animesh et
al., 2011; Nijs et al., 2012; Zaman, Ananda, & Dai, 2010).

Only the sum of indirect effects of sense of embodiment on engagement was
statistically significant. This means that the two mediators, motivation and presence, are
dispensable for delivering the effect of sense of embodiment onto engagement. It implies
that a high-level engagement also requires the participant to be conscious of surrounding
environment besides personal interest. This consciousness might help the participant
reach a match between personal capabilities and the demands of assigned tasks, and then
more deeply involved in the learning process. This learning process included not only
remembering text information, but also visually exploring the universe with or without
manipulation.

Research result also showed that the effect of motivation on learning achievement
was mediated by engagement and there was no necessary direct relationship from
motivation to learning achievement. This is consistent with the study of Makransky,
Terkildsen, and Mayer (2019). They interpreted their results as meaning that motivation
caused by hedonism creates extraneous processing, which may distract the process of

knowledge construction. Their explanation is also applicable to this study. Interviewees in
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the Go-Rift group said that although the capability of manipulation made them feel fun
with a higher interest in the third session, manipulation distracted their learning at the
same time. In other words, the source of interest or motivation determines whether the
enhanced motivation can effectively increase the learning achievement. Furthermore,
participants in this study used independent controllers to interact with the virtual
environment, which is more natural than the touchpad used in the study of Makransky,

Terkildsen, and Mayer. This study provides evidence to support generalizing their idea to

broader application scenarios. Moreover, this result is also congruent with the assumption

in CATLM that motivation influences learning through increasing or decreasing cognitive

engagement (Roxana Moreno & Mayer, 2007; Pintrich, 2003). On the contrary, this result

is different from the study of Lee, Wong, and Fung (2010) and Salzman, Dede, Loftin,
and Chen (1999), which claimed that motivation influenced learning outcomes. Both did
not involve engagement as a mediator between motivation and learning outcomes in their
models. Specially, while Salzman et al. predicted there was an additional factor beyond
motivation that caused the learning differences among participants in their VR
experiment, they did not point out what the additional factor was.

The magnitude of novelty effects in a VR learning experience. The second
research question in this study is how much novelty can influence a VR learning
experience. Both quantitative and qualitative results confirmed that when novelty
happens, sense of embodiment and motivation will increase significantly. However, no
significant quantitative increase was found when presence, engagement, learning

achievement were assessed. The deviation of presence is explained by the discrepancy
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among individuals in understanding this concept, while the deviation of engagement and
learning achievement may be from the application scenarios of embodied learning.
Although the qualitative results showed that most interviewees felt a higher
degree of presence in the high-level VR condition than the low-level VR condition, no
significant difference was found between the second session and the third session for the
Go-Rift group. An explanation is that there was a relatively large difference among
participants when they assessed their perceived presence. The follow-up analysis showed
that while the total effect of a VR condition on presence and on motivation were almost
the same (see Table 52), the standard deviation of presence was much larger than
motivation (see Table 53). Thus, when the difference between the second session and the
third session was assessed, presence had a larger p-value in the paired-samples T test than
motivation. This finding may be explained by the study of Slater (2004). Slater said that
presence is similar to individuals’ perceptions of a colorful experience, as both of them
cannot be identified by any mental activities; the establishment of presence depends on
individuals’ interpretations of cues in an environment. In other words, individuals are
relatively easier to reach a consensus about their perceived fun and interest than their
interpretations of sensory cues, when they are learning in a VR environment.

Table 52

Comparison of Effects from VR Condition to Presence and Motivation

Direct Effect  Indirect Effect (Mediator) Total Effect
VR -> Presence -0.07 0.26 (Sense of embodiment) 0.19
VR -> Motivation 0.00 0.19 (Sum) 0.19

-0.03 (Presence)

0.12 (Sense of embodiment)

0.10 (Sense of embodiment
and Presence)
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Table 53

Comparison of the Standard Deviation between Presence and Motivation for the Go-Rift
Group

Factor Session 1 Session 2 Session 3
Presence 24.11 27.13 14.95
Motivation 14.01 14.45 4.23

Moreover, the hypotheses that engagement and learning achievement will increase
in a high-level VR condition were not supported by the quantitative results. The
quantitative results showed that the mean of engagement for the Go-Rift group decreased
from the second session to the third session and the mean of learning achievement for the
Go-Rift group had a slightly increase from the second session to the third session. The
responses from interviewees in the Go-Rift group provide explanation to these two
unexpected results. Most interviewees agreed that the Rift-version VR application was
more novelty; although they had higher motivation, they needed more efforts and time to
become familiar with the application, which distracted their learning of text information.
This is consistent with the conclusion in the study of Jeno, Vandvik, Eliassen, and
Grytnes (2019). Jeno et al. claimed that need-satisfaction is a moderator between novelty
and learning achievement. It is different from the study of Tsaya and Kofinas (2017), in
which students’ engagement decreased over time after novelty happened. This difference
is possibly caused by the different definitions of engagement. In this study, engagement
referred to individuals’ feeling in real time. Data was collected from participants’
responses to the questionnaire immediately after the VR learning activity. In the study of
Tsaya and Kofinas, engagement was related to students’ involvement in a course. They
used the number of activities that students completed on an online learning system per

week as the measurement of engagement. Since differences exist in definition and
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measurement approach, it is understandable that divergent results were obtained in these
two studies.

To understand why the Rift group had the lowest mean scores in the session
quizzes among groups, a follow-up comparison was conducted. This comparison
separated all the questions in a session quiz into a low level and a high level based on the
cognitive process dimension defined in the revised Bloom’s taxonomy. Specifically,
questions that assessed participants’ low-level cognitive process included recognizing
questions and recalling questions, while questions that assessed participants’ high-level

cognitive process included understanding questions and the evaluating question.
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Figure 22. Mean scores in session quizzes for the low-level and the high-level cognitive
processing questions

Figure 22 shows the changes of participants’ scores categorized by the cognitive
process dimension for each session in each group. The data analysis method was multiple
imputation. The data were from the 63 participants after data screening in the data
comparison phase. Participants in the low-level VR condition had a significantly higher

150



score for the low-level cognitive processing questions than the high-level VR condition in
the first session (t=2.30, p = 0.022, Cohen’s d = 2.131), while the difference in the third
session was small. It means that when participants in the high-level VR condition were
familiar with the VR application, their capability of the low-level cognitive processing
had the potential to be the same as those in the low-level VR condition. In addition, the
difference between the Go group and the Rift group for the high-level cognitive
processing questions was large through sessions. Particularly, the Go group had a
significantly higher score than the Rift group in the third session (t = 2.366, p = 0.018,
Cohen’s d = 0.226). The difference between the Go group and the Go-Rift group was
small in the third session. This is because there was an outlier in the Go-Rift group. A
participant in the Go-Rift group spent an unusual long time (approximately 40 minutes)
to finish the evaluating question in the session 3 quiz for being extremely interested in
this study, and her total score for the high-level cognitive processing questions in the
third session was 10. This was the highest score among all participants in the session 3
quiz. If this score were removed, the mean of the Go-Rift group would decrease from
3.51 to 3.07, which was also much lower than the Go group. These results imply that
participants’ capability of the high-level cognitive processing was undermined in the
high-level VR condition, and this capability was not regained even when they were
familiar with the VR application. A possible explanation is that the experimental design
for the high-level VR condition was much more complicated than the low-level VR
condition and participants in the high-level VR condition did not have sufficient learning
time. Memorizing the text information in the VR application was the priority in the VR

learning experience, as its content was directly related to the questions in session quizzes.
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Participants continuously improved their learning strategies to memorize the text
information and became familiar with the VR application through sessions. Therefore, the
difference in the low-level cognitive processing was gradually narrowed between
participants in these two VR conditions. However, besides memorizing text information,
participants in the high-level VR condition needed to spend extra time on other assigned
tasks, such as flying towards a celestial body and grabing a celestial body. They did not
have enough to reflect what they had learned from the text information and make
connections in the learning process as those in the low-level VR condition. Thus, their
capability of the high-level cognitive processing was lower than those in the low-level
VR condition across sessions.

Although the mean of learning achievement did not have a significant increase
from the second session to the third sessions for the Go-Rift group, participants in the
Rift group showed the best performance in both the post-mental rotation test and the post-
astronomy knowledge test. Their scores in these tests also had the largest increase from
the pre-test to the post-test among groups. The explanation for their performance in the
mental rotation test is their repeated practice of manipulation and grab during the learning
process. Performance on the mental rotation test is sensitive to practice and experience
(Baenninger & Newcombe, 1989; Kail, 1986; Peters et al., 1995). This study provided
evidence that practice in a VR environment is also effective for improving the
performance in the mental rotation test. Furthermore, the fact that the Rift group had the
best performance in the post astronomy knowledge test might be attributed to embodied
learning. There was no text information in the VR application showed any celestial

body’s size and its distance from the sun. Thus, participants needed to obtain this
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information from other methods. Compared with the other two groups, participants in the
Rift group had more opportunities to freely explore the virtual solar system with
manipulation. This process helped participants establish a representation of the solar
system in their memory. The larger a planet’s size was, a larger magnitude gesture was
required when individuals grabbed on its surface. According to the taxonomy of
embodiment for education (Johnson-Glenberg, 2018), grab provided deeper memory for
participants to compare the sizes among planets than static observation. As for the
ranking of the eight planets from closest to furthest away from the sun, the capability of
flexible movement supported participants in the Rift group to actively observe those
planets from different angles. This free exploration involved more feedback channels
than static observation. It strengthened participants’ memory for the relatively location of
each planet and added retrieval cues. Thus, participants in the Rift group could have the
highest score in ranking the sequence of these planets from closest to furthest away from
the sun. This result is in line with prior similar studies (Kozhevnikov et al., 2013; Shu et
al., 2018).

The attenuated effectiveness of a VR condition. The third research question in
this study is how the effectiveness of a VR condition changes after the novelty effect
happens. Results confirmed that most assessed factors decreased slowly after the novelty
effect happened. Particularly, the decrease was more slowly in a high-level condition than
a low-level condition. Presence was the only exception. Table 54 shows the change of all

assessed factors from the first session to the third session for the Go group and the Rift

group.
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Table 54

The Change of Assessed Factors from the First Session to the Third Session for the Go
Group and the Rift Group

Sense of Learning
Group Presence Embodiment Motivation Engagement Achievement
Go -3.57 -6.89 -3.70 -7.86 -0.85
(-5.14%) (-13.64%) (-4.00%) (-9.50%) (-6.51%)
Rift -4.63 -5.26 -2.05 2.61 -0.40
(-6.16%) (-7.08%) (-2.18%) (3.26%) (-4.04%)

The quantitative results showed that motivation and sense of embodiment
decreased more slowly for the Rift group than the Go group from the first session to the
third session. This is congruent with the study of Berlyne (1970), as the Rift-version VR
application is more complicated than the Go-version VR application. Qualitative results
supported this explanation. The Rift group had more interviewees mentioned the process
that they became familiar with operating the VR application than the Go group. In other
words, the process of becoming familiar with the VR application was more significant for
the Rift group. Therefore, due to the complexity of the Rift-version VR application,
motivation and sense of embodiment decreased more slowly for participants in the Rift
group than the Go group.

The prediction that learning achievement decreases more slowly in a high-level
VR condition after the novelty effect happens was made from two ideas. One is the
rewarding effect of the perception process (Berlyne, 1970). The other is the embodied
learning method. Based on the discussion in the last subsection, the effect of embodied
learning on the quiz score was minimum in this study for knowledge assessed in the
session quiz were easily understood. In addition, while the analysis result after multiple

imputation supported this prediction, the result of completer analysis did not support the
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prediction. This means the rewarding effect of the perception process on learning
achievement is also weak when the learning method does not match the learning content,
even the learning task is complicated.

The prediction that engagement decreases more slowly in a high-level VR
condition after the novelty effect happens was validated by the quantitative result. An
interesting finding is that there was a large decrease of engagement from the second
session to the third session for the Go group, despite that this decrease did not lead to a
significant difference among groups in the third session. There were five items used to
measure engagement in this study. These items are independent and represent different
dimensions of engagement. Thus, paired-samples T tests were conducted to check the
changes of each items in the engagement scale across sessions for each group (see Table
55). Result showed that only item En_3 (I had a good idea about how well I was doing
while I was involved in the activity.) had significant changes during the experiment.
Specifically, the mean of item En_3 had a significant increase for both the Go group and
the Go-Rift group from the first session to the second session, then the mean of item
En_3 for the Go group significantly decreased from the second session to the third

session.
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Table 55

Changes of Item En_3 Across Sessions

Session Mean Std. Error
Group  Comparison Difference Mean t df p FMI
Go A2-1 12.19 5.33 2.29 642  0.023 0.14
A3-2 -9.90 4.52 -2.19 92 0.031 040
Go-Rift A2-1 10.41 4.37 238 1327  0.017 0.10
A3-2 -3.34 3.82 -0.88 149  0.383  0.31
Rift A2-1 8.15 6.47 1.26 - 0.208  0.00
A3-2 0.34 4.89 0.07 1117 0945 0.11

Note. A2-1 is the paired-samples T test for the mean in the second session and the mean
in the first session; A3-2 is the paired-samples T test for the mean in the third session and
the mean in the second session.

According to the authors of this engagement scale, item En_3 corresponds to the
dimension of unambiguous feedback in a flow state (Jackson & Eklund, 2004). That is,
“the performer receives clear, unambiguous information that he or she processes
effortlessly, keeping performance heading in the right direction” (p. 8). The responses
from interviewees showed that they became more familiar with the application’s
operation and the learning task, and then felt more comfortable in the virtual environment
in the second and third sessions than the first session. Therefore, their engagement
increased from the first session to the second session. Moreover, the significant decrease
of engagement for the Go group might be explained from the little feedback that they
could receive in a Go-version VR environment. Learning with the Go-version VR
application only involved static reading and observation. In other words, participants
could only receive visual and audio feedback in that environment. By contrast,
participants in the Rift-version VR environment could fly out of the spaceship and grab

the celestial body in the learning process. This involved not only visual and auditory, but

also proprioceptive and tactile feedback. Specifically, visual and proprioceptive feedback
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helped participants adjust the flying direction and speed, so that they could reach the
target celestial body; visual feedback also supported participants to compare and contrast
their observation with text information when they closely manipulated the celestial body.
Vibration, as a type of tactile feedback, reminded participants that they had touched the
surface of a celestial body and could start to grab its surface. In sum, various channels of
feedback deepened these participants’ perceptions of the surrounding environment and
helped them implement the assigned learning task. These diverse types of feedback
together delayed the decrease of engagement in a high-level VR condition.

While the completer analysis supported the prediction that presence decreases
more slowly in a high-level VR condition after the novelty effect happens, both the
quantitative and qualitative results did not support it. This may be explained as the
fidelity of the environment itself also influences individuals’ perception of presence, or
whether the environment is complex is not the only critical factor that determines
individuals’ perception of presence. This phenomenon was particularly remarkable for
participants in the Rift group. Only one out of five interviewees in the Rift group
mentioned that the unfamiliarity with the task undermined the perception of being in the
universe in the first session, while the number was three out of five when they assessed
their motivation in the first session. One interviewee in the Rift group indicated that she
gradually found issues of fidelity from the virtual solar system during the learning
process after feeling very realistic at the beginning, these issues decreased her sense of
being in the universe over time.

The overall trends of assessed factors. This study compared the changes of five

factors through sessions in different VR conditions. Based on the consistent degree
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between the experimental results and the initial predictions from highest to lowest, the
sequence of these factors is sense of embodiment, motivation, presence, engagement, and
learning achievement.

The assessment results of sense of embodiment are consistent with all initial
predictions of sense of embodiment. Specifically, participants in the high-level VR
condition showed a significantly higher sense of embodiment than the low-level VR
condition through sessions; when participants came to the high-level VR condition from
the low-level VR condition, their sense of embodiment was significantly increased;
participants in the high-level VR condition showed a smaller decrease of sense of
embodiment than a low-level VR condition from the first session to the third session.
Besides these, the changes of sense of embodiment from the low-level VR condition to
the high-level VR condition for the completer cases showed a definite curve, as well as
an overall upward trend. All these results reveal that sense of embodiment is a very
sensitive factor to novelty when the novelty is related to manipulation.

The assessment results of motivation are consistent with most initial predictions
of motivation. The only difference is that participants in the high-level VR condition (the
Rift group) did not show a significantly higher motivation than the low-level VR
condition (the Go group across the three sessions and the Go-Rift group in the first two
sessions), despite that the mean of motivation in the high-level VR condition was higher
than the low-level VR condition across sessions. In addition, while no significant
different was found between the Go group and the Rift group in the third session, a

significant difference was found between the second session and the third session for the
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Go-Rift group. All these imply that although motivation is sensitive to novelty, its degree
of sensitivity is lower than sense of embodiment.

The assessment results of presence have some deviations with initial predictions.
Despite that the mean of presence in the high-level VR condition was higher than the
low-level VR condition in the comparison between the Go group and the Rift group and
the comparison within the Go-Rift group, no significant difference was found in any
comparison. In other words, the sensitivity degree of presence to novelty is moderate. As
it was explained in the last subsection, this may be due to a relatively large difference
among participants when they assessed their perceived presence. In addition, there is a
difference between the analysis result after multiple imputation and the result of
completer analysis on whether the high-level VR condition has a slower decrease of
presence than the low-level VR condition through sessions. According to the explanation
in the last subsection, this may be because not only the complexity but also the fidelity of
the environment influences individuals’ perception of presence.

The assessment results of engagement showed some unexpected phenomenons.
The most impressive phenomenon is the straight decrease from the second session to the
third session for the Go group, which was interpreted as a lack of real-time feedback in
the last subsection. Another interesting phenomenon is that the mean in the second
session did not decrease when compared with the first session for all groups. A possible
explanation is that engagement or flow required a match between participants’ skills and
the demands of the VR learning task. Participants were more familiar with the VR
application and the learning task in the second session than the first session. Thus, the

degree of engagement was stable from the first session to the second session.
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Furthermore, participants in the low-level VR condition did not show a lower degree of
engagement than the high-level VR condition in the first session. Particularly, the
analysis results after multiple imputation showed that the mean of the low-level VR
condition was even higher than the high-level VR condition in the first session. This
situation is explained by the complexity of the VR application. That is, the Rift-version
VR application is more complicated than the Go-version VR application. Participants in
the high-level VR condition needed more time and energy to become familiar with it.
This familiarization process decreased their engagement at the beginning.

Learning achievement is at the end of the sequence. Most initial predictions of
learning achievement were not validated by both the analysis results after multiple
imputation and the results of completer analysis. As it was discussed in the previous
subsection, this might be caused by a mismatch between the learning method and the
assessment method in the session quiz. Specifically, participants could obtain most of the
knowledge for the session quiz from the text information in the VR application; these
information were easily understood; due to the limited experimental time but relatively
complicated learning tasks, participants in the high-level VR condition did not have
enough time to reflect and have deep learning. Thus, both the strength of embodied
learning in knowledge retention and the rewarding effect of perceptual processing were
not shown in the session quiz.

In summary, motivation, as a critical indicator of the novelty effect, influences the
changes of other assessed factors in a novel VR condition. Despite this, their changing
magnitude and the time of change for novelty are also influenced by other elements. In

this study, since the high-level VR condition was much more flexible than the low-level
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VR condition in manipulation, the novelty effect on sense of embodiment was
strengthened and more obvious than motivation. By contrast, the novelty effect on
presence was partly undermined by the relatively large difference among participants on
their perceived presence, and its decrease was speeded up by the fidelity of the condition.
Due to the influence of the skill demand for operating the VR application, the peak value
of engagement was delayed to the second session. In addition, switching to the high-level
VR condition helped participants avoid a large decrease of engagement as the low-level
VR condition from the second session to the third session for a lack of real-time
feedback. Finally, the learning achievement, namely the score of the session quiz, did not
show a obvious change for novelty, this is attributed to a mismatch between the learning

method and the assessment method.

Contributions and Implications

Contributions and implications of this study include theoretical aspects, method
aspects, and practical aspects.

Theoretical aspects. This study investigated the novelty effect in VR on STEM
learning. It contributes to the research in the fields of VR STEM education, novelty study,
and embodied learning, respectively. First, this study explored the pairwise relationships
between key factors in a fully immersive VR learning experience. The established cross-
sectional model is possibly the first complete model that explores how a fully immersive
VR condition influences an effective learning process. This model involves motivation
and engagement as mediators in an actual VR learning process. Although a VR condition

can offer many affordances to benefit learning, if the individual does not have an interest
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or does not have required knowledge or skills to engage in the learning process, this VR
learning experience cannot output satisfied learning achievement. In other words,
affordances are not equal to satisfied learning achievement, motivation and engagement
mediate the effects of affordances on the final learning achievement. This model fills the
research gap on how VR affects a specific learning experience and provides a more
comprehensive interpretation of a VR learning experience than prior models.

Second, this study longitudinally evaluated the effect of a VR condition on a
STEM learning experience. It may be the first study that explored the novelty effect in a
VR environment. It demonstrated that the novelty effect also exists in the VR STEM
learning field. In this study, most assessed factors (i.e., presence, sense of embodiment,
motivation, and engagement) more or less increased and then decreased for novelty.
However, their changing magnitude and the time that their peak values appeared were
also influenced by other elements. The changes of engagement and learning achievement
in a VR environment showed their distinctive characteristics, which are different from the
results in traditional media- and computer-supported learning (Clark, 1983; Li & Ma,
2010; Merchant, Goetz, Cifuentes, Keeney-kennicutt, & Davis, 2014; Tsaya & Kofinas,
2017). An important conclusion is that novelty does not necessarily increase individuals’
learning achievement.

Third, this study identified the potential of embodied learning in some typical
application scenarios. The advantage of embodied learning is helping individuals to
memorize and understand knowledge through establishing concrete representations
(Glenberg, 1997; Ping & Goldin-meadow, 2010). Its strength was shown in learning
spatial knowledge. However, when the learning content is easily understood and the
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learning time is limited, the benefit of manipulation may be small, and manipulation may
even undermine deep learning. The Rift group had the lowest scores in the session
quizzes among groups supports this conclusion. This is a new discovery in the embodied
learning research field. In addition, using the revised Bloom’s taxonomy to explore the
potential of embodied learning is a new research direction. With further extension, it may
help researchers more clearly define the application scenarios of embodied learning than
ever. This is different from a discussion on whether a taxonomy is correct (Skulmowski
& Rey, 2018) and the possible influence of individuals’ characteristics on the
effectiveness of embodied learning (Agostinho et al., 2015).

Method aspects. This study innovatively measured individuals’ engagement and
learning thrice through the intervention and then compared the values across sessions.
This is different from the evaluation methods used in most prior VR learning studies,
which only involved a single or a short-term measurement. Study results showed that
although the attenuation of the novelty effect was slow for most assessed factors, some
unexpected large decrease might happen during a continuous VR learning experience.
For example, the mean of engagement for the Go group had a large decrease from the
second to the third sessions in this study. If a study only includes either a single or a
short-term measurement, bias may be produced in some specific context.

Furthermore, this study did a comparison of individuals’ psychological responses,
motivation, engagement, and learning achievement between a low-level VR condition
and a high-level VR condition. When the VR condition was switched from a low level to
a high level, participants had a significant increase of sense of embodiment and

motivation. The differences between the two conditions were large for presence,
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engagement, quiz scores, and scores in the post-test as well. These results suggested that
a fully immersive VR environment is a very ambiguous concept in an academic study.
Thus, when researchers present their results of research in the VR learning field, it is
recommended to clearly state the VR system or the level of a VR condition (i.e.,
immersion and embodiment) they used not only in the methods section, but also in the
discussion section.

Moreover, this study used the multiple imputation method to handle missing data.
The multiple imputation method is commonly used for the longitudinal studies in the
social science and the medical science fields. This study extended its application to the
VR learning study field. It benefits data analysis and experimental implementation.
Specifically, this method has the potential to effectively use cases with missing data to do
the data analysis with smaller bias than traditional methods (e.g., listwise deletion,
pairwise deletion, and simple regression-based imputation) when the proportion of cases
with missing data is large (>15%). From the practical aspect, VR learning experiments
are often low cost-effective for the relatively limited equipment resources and the large
space occupied. Effectively using cases with missing data to the data analysis means that
experimenters can more efficiently collect data than before. It either saves the total
experimental time or increases the number of effective cases. Both of them are positive
for most VR learning studies.

Practical aspects. First, and most important, this study demonstrated the
sustainability of VR STEM learning in instruction. Results showed that a VR
environment, especially the high-level VR condition, has the potential to sustain

individuals’ motivation and engagement for novelty, while the decrease of the novelty
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effect is relatively slow for most assessed factors (less than 10% in a three-session VR
STEM learning activity). In other words, a sustainable VR STEM learning in instruction
is highly possible if the learning content is continuously updated. This eliminates the
STEM education community’s concern on a steep decrease of students' interest in VR
STEM learning over time. Policymakers can be cautiously optimistic about their VR
education plan and promote the application of VR in schools’ STEM activities.

Furthermore, this study has the potential to serve as a reference for researchers to
evaluate the real effect of novelty on their own studies. Many researchers have mentioned
that the optimistic results of VR learning experiments might be partly caused by
individuals’ perception of novelty (Hussein & Nitterdal, 2015; Jensen & Konradsen,
2017; Parmar, 2017). This issue is addressed from two aspects. On one hand, since the
some assessed factors had a significant increase for novelty in this study, it should be
cautious when a researcher wants to refer to study results published one or two years ago,
as the public are more familiar with VR than that time; on the other hand, the relatively
slow attenuation of the novelty effect means that if the result of a study is only
generalized to a limited extent, the influence of novelty may be very small. Thus, if no
special requirement and operation, the novelty effect can be ignored. A typical example is
to generalize the results of a one-session study to a three-session study.

Besides the possible benefits to policymakers and researchers, the findings of this
study may guide instructional designers when they develop a VR learning class. A novel
VR condition may significantly increase students’ motivation and delay the decrease of
engagement. Therefore, introducing changes and novelty is recommended to prevent

students from feeling tedium in the VR learning process. In addition, both motivation and
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engagement play a mediation role in an effective VR learning experience. In other words,
trying methods to increase students’ motivation and engagement can enlarge the benefits
of a VR condition on the learning achievement. According to the definitions of intrinsic
motivation and flow, these effective methods include a match between students’ personal
interest and instructional content and a match between students’ knowledge / skills and
the demand of a learning task. Thus, fully understanding the preference of target
population and providing a training section before a formal VR learning activity are
valuable practices for designing a successful VR STEM learning course.

Finally, independent software vendors are hoped to be inspired for developing
more cost-effective VR learning applications with the guidance from researchers. Both
the low-level and the high-level VR conditions have their own strength and weakness in
supporting STEM instruction. Developing an application that runs in a high-level VR
condition typically needs more money and time than developing an application that runs
in a low-level VR condition. If the instructed knowledge is easily understood and the
difficulty is moderate, it may not be necessary to use a high-level VR condition to

develop this VR application.

Study Limitations

While the current study aids in understanding how novelty influences an effective
VR STEM learning experience, it has several limitations that should be considered. First,
as a longitudinal study, the number of participants, the number of repeated measurements,
and the duration of the intervention are relatively insufficient. The experiment had 77

participants, three sessions, and the interval between neighboring sessions were 4-7 days.
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This insufficiency may undermine the generalization of the quantitative results.
Particularly, when the decrease of assessed variables from the first session to the third
session were compared between the low-level VR condition and the high-level VR
condition for answering the third research question. Most of these decreases were small
(Iess than 10%). If the experiment had four or more sessions, and more participants, the
results might be more significant, persuasive, or reveal new issues.

Second, different content among sessions may lead to bias in assessment. Some
participants’ interest to the learning content itself was not equal among sessions. For
example, several participants said that they liked the second session because there were
more big celestial bodies. In addition, there was no limitation on the score that an
individual could obtain in a quiz. This might also cause bias when the mean of quiz score
was compared among sessions.

Third, the rate of dropout was relatively large in this study. Particularly, the Rift
group had a higher attrition rate than the other two groups for its relatively complicated
learning task. The multiple imputation method was used to handle missing data and a
completer analysis was conducted to validate the analysis results after multiple
imputation. Although their results were almost the same, as the assumption of multiple
imputation is data missing at random (MAR), imputed data cannot fully represent real
data. The completer analysis has the drawback that some marginally significant
differences existed among groups in the pre-tests.

Last, participants in this study were from two fundamental-level undergraduate
courses. Although participants were diverse in gender, race, major, and school year, a

large percentage of them were freshmen whose major were in the STEM field. In
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addition, the data were collected only within one semester at a large public university in
the Southwest of United States. Therefore, due to the limitation of the sampling method,

possible deviations may exist when the results are generalized to a broader population.

Suggestions for Future Research

This study provides initial findings about the effect of VR on a STEM learning
experience with a consideration of novelty. Much work remains to be done in this area
and future studies might be based on this one with expansion.

This study used a three-session laboratory experiment to simulate a VR STEM
learning activity. Laboratory experimentation has some limitations to conduct further
research in this direction. In this study, participants came to the room thrice. Many
participants had shown their exhaustion in the third session. For example, some
interviewees said that they would like to finish the experiment fast when they were in the
third session. If the experiment was extended to four sessions, the rate of dropout might
be very high. Furthermore, the experiment was implemented person by person. This
method is low efficiency when compared with experiments which only need computers
or mobile phones. Since all-in-one VR systems have been released from 2019, the high-
level VR condition can be created by cheaper hardware than before. Considering the
weaknesses of laboratory experiment and the technology development, future
longitudinal VR learning research is recommended to be integrated into classroom
instruction.

Moreover, the study results did not support the prediction that learning

achievement in a high-level VR condition is higher than a low-level VR condition from
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the aspect of quiz score. One possible reason is that questions in the seesion quizzes were
mostly based on knowledge that were easily understood. It may not be the fields that the
embodied learning method can show its strength. This issue led to a lack of knowledge on
the possible changes of the effectiveness of embodied learning over time in a scenario
where its advantage can be shown to be significant. The fact that participants in the Rift
group, namely those learned in the high-level VR condition, had the best performance
among groups in the post-test only demonstrated that the cumulative effect of embodied
learning on learning spatial knowledge is significant in a VR environment. The research
gap may be filled by a study that repeated measures participants’ achievement in learning
complicated knowledge or spatial knowledge with sufficient reflection time in a high-
level VR condition.

Finally, the novelty effect is possibly a ubiquitous phenomenon in the human
society. It is hoped that more studies on the novelty effect will emerge in the future.
Although many researchers claimed that one of the limitations in their studies was
lacking a consideration of the novelty effect, systematic studies on the novelty effect are
rare at present. This is a pity in the modern society, where user-centered is one of the
most important design principles for products and services. Understanding the novelty
effect in a specific field and actively applying it in practice have the potential to help the
industry win customers, the government serve the public, and finally increase citizens’

happiness.
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CHAPTER 6
CONCLUSION

The purpose of this study was to assess the impact of a VR condition on STEM
learning with a consideration of novelty. It involved a series of exploration on a VR
STEM learning experience: how the VR condition impacts an effective VR learning
experience, how much novelty influences the VR learning experience, and how the
effectiveness of the VR condition changes after the novelty effect happens.

Findings of the study showed that both motivation and engagement played an
important mediation role in a VR learning experience. It means trying methods to
increase students’ motivation and engagement may enlarge the benefits of VR on learning
achievement. In addition, results also showed that while the novelty effect might be
significant, the attenuation of the novelty effect was slow in the VR STEM learning
experience. Relatively, this slow attenuation was more significant in a high-level VR
condition. This implies that it is possible to conduct a multiple-session VR STEM
learning practice with expected learning achievement. Last, novelty does not necessarily
increase learning achievement. The increase of learning achievement is more dependent
on a match between the learning content and the learning method. The embodied learning
method showed its strength in instructing spatial knowledge through establishing
representations but uncertain effectiveness in instructing easily understood knowledge
within a limited time. Thus, it is recommended to use the embodied learning method to
instruct difficult knowledge or spatial knowledge with sufficient time for reflection in VR

STEM education.
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It is expected that the results enable policymakers to more firmly promote the use
of VR in STEM education. It also has the potential to help researchers evaluate the
possible influence of novelty on their studies. Instructional designers may use the
findings to guide their VR STEM courses. Independent software vendors are hoped to be
inspired for developing cost-effective VR learning applications with the guidance from
researchers.

The future research directions can be a classroom-based longitudinal VR learning
study, a more detailed longitudinal evaluation of embodied learning in a VR environment,

and a broadly exploration of novelty effects in the human society.
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Table B1

Questionnaire Items

Item

Pr 1

Pr 2

Pr 3

Pr 4

Please rate your sense of being in the universe. I had a sense of being in
the universe ..........

(from “At no time” to “Almost all the time™)

To what extent were there times during the experience when the universe
was the “reality” for you? There were times during the experience when
the universe was the reality for me ........

(from “At no time” to “Almost all the time”)

Do you think of the universe more as images that you saw, or more as
somewhere that you visited? The universe seemed to be more like ......
(from “Images that I saw” to “Somewhere I visited”)

During the experience, did you often think to yourself that you were just
in a room, or did the universe overwhelm you? During the experience I
was thinking that I was really in the room ....

(from “Most of the time” to “Rarely”)

Em_1
Em_2
Em_3

Em_4

Em 5

Em 6

Em_ 7

I felt as if the virtual body or body part was my own body or body part.
(from “Strongly disagree” to “Strongly agree”)

It felt as if the virtual body or body part I saw was someone else's.
(from “Strongly disagree” to “Strongly agree”)

I felt as if I might have more than one body

(from “Strongly disagree” to “Strongly agree”)

It felt like I could control the virtual body or body part as if it was my
own.

(from “Strongly disagree” to “Strongly agree”)

I felt as if the movements of the virtual body were influencing my own
movements.

(from “Strongly disagree” to “Strongly agree”)

I felt as if the virtual body was moving by itself.

(from “Strongly disagree” to “Strongly agree”)

When a virtual celestial body was in front of me, I felt that my body was
very small.

(from “Strongly disagree” to “Strongly agree”)

Mo_1
Mo 2
Mo_3

Mo_4

I enjoyed doing this activity very much.

(from "Not at all true" to "Very true")

This activity did not hold my attention at all.
(from "Not at all true" to "Very true")

This activity is fun to do.

(from "Not at all true" to "Very true")

I would describe this activity as very interesting.
(from "Not at all true" to "Very true")
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En_1 I felt that I was competent enough to meet the demands of the learning
task.
(from "Never" to "Always")
En_2 I had a strong sense of what I wanted to do.
(from "Never" to "Always")
En_3 I had a good idea about how well I was doing while I was involved in the
activity.
(from "Never" to "Always")
En_4 I was completely focused on the learning task at hand.
(from "Never" to "Always")
En_5 I had a feeling of total control over what I was doing.
(from "Never" to "Always")
En_6 I was not worried about what others (i.e., physical watchers) might be
thinking of me.
(from "Never" to "Always")
En_7 The way time passed seemed to be different from normal.
(from "Never" to "Always")
CL1 The learning content was difficult.
(from "Not at all the case" to "Completely the case")
Cl.2 The learning content was complex.
(from "Not at all the case" to "Completely the case")
CL3 It was difficult to learn in this VR environment.

(from "Not at all the case" to "Completely the case")
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Questions in the Sample Quiz

Sample quiz

Cuestion 1of 7

Your assigned 1D in this experiment:

Show word count

Cuestion 2 of 7

Flease match these images of celestial bodies to their names;

Select

Select

Select
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Select v

CQuestion 3 of 7

Imagine that wou are planning to build a settlement on a celestial body. Please
complete the following guestions (Question 3 to Question 7) based on what you
have leamed in the VR tour.

Can you name any characterisiics about the geology, climate, or orbit of
Mercury? (please give at least 3 ideas, they should be from the learning content)

e

Show word count

Cuestion 4 of 7

Can you name any characteristics about the geology, climate, or orbit of

Mars? (please give at least 3 ideas, they should be from the learning content)

Show word count

Cuestion 5 of 7

What would life be like on Mercury? (please give at least 3 ideas with
explanations, they should be from the learning content)

Show word count
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Question 6 of 7

What would life be like on Mars? (please give at least 3 ideas with explanations,
they should be from the learning content)

Show word count

Question 7 of 7

Which planet do you think has greater potential for humans to live on: Mercury or
Mars? Fleaze explain your answer by comparing and contrasting the two planets
(please give at least 3 ideas, they should be from the learning content).

P

Show word count

Questions in the Session 1 Quiz

Session 1 quiz
Question 1of 7

Your assigned ID in this experiment

Show word count

Question 2 of 7

Please match these images of celestial bodies to their names

Select
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Select r

Select v

Select v

Question 3 of 7

Imagine that vou are planning to build a settlement on a celestial body. Please
complete the following questions (Question 3 to Guestion 7) based on what you
have learmed in the VR tour.

Can you name any characteristics about the geology, climate, or orbit of lo?
{please give at least 3 ideas, they should be from the learning content)

Pl

Show word count
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Question 4 of 7

Can you name any characteristics about the geology, climate, or orbit of Europa?
(please give at least 3 ideas, they should be from the leaming content)

)

Show word count -

Question 5 of 7
What would life be like on lo? (at least 3 ideas with explanations, they should be
from the learming content)

Show word count -

Question 6 of 7

What would life be like on Europa? (please give at least 3 ideas with
explanations, they should be from the leaming content)

Show word count =

Question T of T

Which celestial body do you think has greater potential for humans to live: lo or
Europa? Please explain your answer by comparing and conirasting the two
celestial bodies (please give at least 3 ideas, they should be from the learning
content). You ideas will be useful in the later sessions.

Show word count -

201



Questions in the Session 2 Quiz

Session 2 quiz

Question 1 of 7
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Select v

Question 3 of 7

Imagine that you are planning to build a setflement on a celestial body. Please
complete the following questions (Question 3 to Question 7) based on what you
have leamed in the VR tour.

Can you name any characteristics about the geology, climate, or
orbit characteristics of Enceladus? (please give at least 3 ideas, they should be
from the learning content)

iy

how word count

Question 4 of 7

Can you name any characteristics about the geology, climate, or
orbit characteristics of Lapetus? (please give at least 3 ideas, they should be
from the learning content)

Show word count

Question S5of 7

What would life be like on Enceladus? (please give at least 3 ideas with
explanations, they should be from the leaming content)

Show word count
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Question 6 of 7

What would Iife be ike on Lapetus? (please give at least 3 ideas with
explanations, they should be from the leaming content)

Show word count

Question 7 of 7

Which celesfial body do you think has greater potential for humans to live:
Enceladus or Lapetus? Please explain your answer by comparing and
contrasting the two celestial bodies (please give at least 3 ideas).

#
Show word count
Questions in the Session 3 Quiz
Session 3 quiz
Question 1of 7
Your assigned 1D in this experiment;
|

Show word count

Question 2 of 7

Flease match these images of celestial bodies to their names;

Select
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Select v

Select r

Select ¥

Question 3 of 7

Imagine that wou are planning to build a settlement on a celestial body. Please
complete the following questions (Question 3 to Question 7) based on what you
have leamed in the VR tour.

Can you name any characteristics about the geology, climate, or
orbit characteristics of Triton? (please give at least 3 ideas)

Show word count
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Question 4 of 7

Can you name any characteristics about the geology, climate, or
orbit characteristics of Pluto? (please give at least 3 ideas, they should be from

the learning content)

Show word count =

Question 5 of 7

What would life be like on Triton? (please give at least 3 ideas with explanations,
they should be from the leaming content)

Show word count =

Question 6 of 7
What would life be like on Pluto? (please give at least 3 ideas with explanations,
they should be from the leaming content)

Show word count -

Question 7 of 7

Which celestial body do you think has greater potential for humans to live: Triton
or Pluto? Please explain your answer by comparing and conirasting the two
celestial bodies (please give at least 3 ideas, they should be from the leaming

content).

Show word count ~
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This document includes:

1. Go-Version Training Instruction

2. Go-Version Learning Instruction in the First Session

3. Go-Version Learning Instruction in the Second Session

4. Go-Version Learning Instruction in the Third Session

5. Rift-Version Training Instruction

6. Rift-Version Learning Instruction in the First Session

7. Rift-Version Learning Instruction in the Second Session

8. Rift-Version Learning Instruction in the Third Session

They were used at the beginning of each session to ensure that participants knew

their training and learning tasks.
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Go-Version Training Instruction
This game is a tour through the solar system, an immersive exploration of the
celestial bodies. When you enter the VR environment, you will find that you are standing
in a spaceship in the universe, and there is a dashboard in front of you.
The first celestial body you will visit is the earth. Please complete the training task by

following these steps.

Step 1:
Click the “READY” button on the dashboard twice until the black empty place on the left

side of the dashboard is filled by a “more information” button.

Step 2:
Click the “more information” button on the left side of the dashboard, and read the text

information on dashboard by pages

Step 3:

Observe the surface characteristics of the earth.

Step 4. Click the “READY” button or the blue arrow button on the dashboard to fly to the

next celestial body.
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Note:

1. Please do not click other buttons on the dashboard in the virtual tour. They are not
useful in this study.

2. Autopilot means that the spaceship is flying from one celestial body to the next. You

must reach your destination to gain control again.
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Go-Version Learning Instruction in the First Session
The celestial bodies you will experience in this session are:

Ceres, Jupiter, Callisto, Ganymede, lo, and Europa

When the spaceship stops in front of one (or several) celestial body(ies), take the same
steps as you did in the training part.

1. Click the “more information” button and read text information by pages.

2. Observe the surface characteristics of the celestial body(ies).

3. Click the “READY” button or the blue arrow button on the dashboard to fly to the

next celestial body.

When you reach Saturn, please inform the experimenter.
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Go-Version Learning Instruction in the Second Session
The celestial bodies you will experience in this session are:

Saturn, Pan, Enceladus, Techys, Dione, Rhea, Titan, lapetus

When the spaceship stops in front of one (or several) celestial body(ies), take the same
steps as you did in the training part.

1. Click the “more information” button and read text information by pages.

2. Observe the surface characteristics of the celestial body(ies).

3. Click the “READY” button or the blue arrow button on the dashboard to fly to the

next celestial body.

When you reach Chariklo, please inform the experimenter.
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Go-Version Learning Instruction in the Third Session
The celestial bodies you will experience in this session are:

Chariklo, Uranus, Ariel, Umbriel, Titania, Oberon, Neptune, Triton, Pluto, and Charon

When the spaceship stops in front of one (or several) celestial body(ies), take the same
steps as you did in the training part.

1. Click the “more information” button and read text information by pages.

2. Observe the surface characteristics of the celestial body(ies).

3. Click the “READY” button or the blue arrow button on the dashboard to fly to the

next celestial body.

Pluto and Charon are in the last scenario. When you have learned Pluto and Charon,

please inform the experimenter.
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Rift-Version Training Instruction
This game is a tour through the solar system, an immersive exploration of the
celestial bodies. When you enter the VR environment, you will find that you are standing
in a spaceship in the universe, and there is a dashboard in front of you.
The first celestial body you will visit is the earth. Please complete the training task by

following these steps.

Step 1:
Click the “READY” button on the dashboard twice until there are buttons filling in the

five black empty places on the dashboard.

Step 2:
Click the “more information” button on the left side of the dashboard, and read the text

information on dashboard by pages

Step 3:
Click the two buttons on the left side of the dashboard to rotate the earth clockwise or

anticlockwise. Observe the surface characteristics of the earth.

Step 4:
Click the first button on the right side of the dashboard to change the map of the earth.

Observe the surface characteristics of the earth.
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Step 5:
Click the second button on the right side of the dashboard to zoom the earth in and out.

Observe the surface characteristics of the earth.

Step 6. Hold the real trigger button labeled “HOLD for Close-Up” on the controller to

rotate the earth freely. Observe the surface characteristics of the earth.

Step 7.
Click the third button on the right side of the dashboard (labeled “0g”) to switch the

system to the “EVA” mode.

Step 8.

Fly toward the earth through controlling the direction with joysticks on the controllers.
There are labels for the functions of other buttons on these two controllers, which help
you control flying speed, such as thrust, boost, and brake.

When your virtual hands touch the surface of the earth, holding the rear trigger button
(labeled “grab”) and grab the surface with your virtual hands.

If you want to fly back to the spaceship, click the button labeled “Go Back to Tour” on

the left controller.

Step 9. When you are in the spaceship again, click the “READY” button or the blue

arrow button on the dashboard to fly to the next celestial body.
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Note:

1. Please do not click other buttons on the dashboard in the virtual tour. They are not
useful in this study.

2. Autopilot means that the spaceship is flying from one celestial body to the next. You

must reach your destination to gain control again.
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Rift-Version Learning Instruction in the First Session

The celestial bodies you will experience in this session are:

Ceres, Jupiter, Callisto, Ganymede, o, and Europa

When the spaceship stops in front of one (or several) celestial body(ies), take the same

steps as you did in the training part.

1.

2.

Click the “more information” button and read text information by pages.

Click the four yellow-outline buttons on the two sides of the dashboard and observe
the surface characteristics of the celestial bodies.

Hold the real trigger button labeled “HOLD for Close-Up”, rotate the celestial body
and observe.

Click the “Og” button, fly towards the celestial body, grab its surface, and observe its

characteristics.

When you reach Saturn, please inform the experimenter.
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Rift-Version Learning Instruction in the Second Session

The celestial bodies you will experience in this session are:

Saturn, Pan, Enceladus, Techys, Dione, Rhea, Titan, lapetus

When the spaceship stops in front of one (or several) celestial body(ies), take the same

steps as you did in the training part.

1.

2.

Click the “more information” button and read text information by pages.

Click the four yellow-outline buttons on the two sides of the dashboard and observe
the surface characteristics of the celestial bodies.

Hold the real trigger button labeled “HOLD for Close-Up”, rotate the celestial body
and observe.

Click the “Og” button, fly towards the celestial body, grab its surface, and observe its

characteristics.

When you reach Chariklo, please inform the experimenter.
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Rift-Version Learning Instruction in the Third Session

The celestial bodies you will experience in this session are:

Chariklo, Uranus, Ariel, Umbriel, Titania, Oberon, Neptune, Triton, Pluto, and Charon

When the spaceship stops in front of one (or several) celestial body(ies), take the same

steps as you did in the training part.

1.

2.

Click the “more information” button and read text information by pages.

Click the four yellow-outline buttons on the two sides of the dashboard and observe
the surface characteristics of the celestial bodies.

Hold the real trigger button labeled “HOLD for Close-Up”, rotate the celestial body
and observe.

Click the “Og” button, fly towards the celestial body, grab its surface, and observe its

characteristics.

Pluto and Charon are in the last scenario. When you have learned Pluto and Charon,

please inform the experimenter.
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Predictors for Items Measuring Presence

Table D1 is the predictor matrix for presence. Its columns are the set of target
variables that measured participants’ presence across three sessions. For example,
“Pr_1.2” means this column variable is participants’ scores to item Pr_1 (Please rate your
sense of being in the universe. I had a sense of being in the universe .......... ) in the second
session. Each row represents one candidate predictor variable. A cell containing “1”

means that the row variable was used to impute the column variable.
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Table D1

Predictors for Items Measuring Presence

Pr 43

Pr_4.2

Pr_ 4.1

Pr_3.3

Pr 3.2

Pr_3.1

Pr 2.3

Pr 2.2

Pr 2.1

Pr_1.3

Pr_1.2

Pr_1.1

0

0
0

0
0
0

0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0

0
0

0
0

0
0

0
0
0
0

Group
Gender

Age

Race

Major
PRE_MRT

PRE_AST

Cond_1

Cond_2

Cond_3

Pr_1.1

Pr_1.2

Pr_1.3

Pr 2.1

Pr 2.2

Pr 23

Pr 3.1

Pr_3.2

Pr_ 33

Pr 4.1

Pr 4.2

Pr 43

Em_2.1

Em_2.2

Em_2.3

Em_4.1

Em_4.2

Em_4.3

Em_5.1

Em_5.2

Em_5.3

Mo_1.1

Mo_1.2

Mo_1.3

Mo_3.1

Mo_3.2

Mo_3.3

Mo_4.1

Mo_4.2

Mo_4.3

En_I.1

En_1.2

En_1.3

En_2.1

En_2.2

En_2.3

En_3.1

En_3.2
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0

0
0

0
0
1
0
0
1
0
0
0
0
0
0
0

En_3.3
En_4.1

En_4.2

En_4.3

En_5.1

En_5.2

En_5.3

CL1.1

CL12

CL 1.3

ClL2.1

ClL22

ClL23

Quiz_1

Quiz_2

Quiz_3
Post MRT

Post_AST
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Predictors for Items Measuring Sense of Embodiment

Table D2 is the predictor matrix for sense of embodiment. Its columns are the set
of target variables that measured participants’ sense of embodiment across three sessions.
For example, “Em_1.2” means this column is the variable that collects participants’
scores to item Em_1 (I felt as if the virtual body or body part was my own body or body
part.) in the second session. Each row represents one candidate predictor variable. A cell

containing “1” means that the row variable is used to impute the column variable.
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Table D2

Predictors for Items Measuring Sense of Embodiment

Em_5.3

Em_5.2

Em_5.1

Em_4.3

Em_4.2

Em_4.1

Em_2.3

Em_2.2

Em_2.1

1

0

0
0
0
0
0

0
0
0
0
0

0
0
0

0
0

0
0

0
0
0
0
0
0
0
0

0
0

0
0

0

Group
Gender

Age

Race

Major
PRE_MRT

PRE_AST

Cond_1

Cond_2

Cond_3

Pr_1.1

Pr_1.2

Pr_1.3

Pr 2.1

Pr 2.2

Pr 23

Pr 3.1

Pr_3.2

Pr_ 33

Pr 4.1

Pr 4.2

Pr 43

Em_2.1

Em_2.2

Em_2.3

Em_4.1

Em_4.2

Em_4.3

Em_5.1

Em_5.2

Em_5.3

Mo_1.1

Mo_1.2

Mo_1.3

Mo_3.1

Mo_3.2

Mo_3.3

Mo_4.1

Mo_4.2

Mo_4.3

En_I.1

En_1.2

En_1.3

En_2.1

En_2.2

En_2.3

En_3.1

En_3.2
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0

0
0
0
0
0
0
0

0
0
0
0
0
0
0

En_3.3

En_4.1

En_4.2

En_4.3

En_5.1

En_5.2

En_5.3

CL1.1

CL12

CL 1.3

ClL2.1

ClL22

ClL23

Quiz_1

Quiz_2

Quiz_3
Post MRT

Post_AST
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Predictors for Items Measuring Motivation

Table D3 is the predictor matrix for motivation. Its columns are the set of target
variables that measured participants’ motivation across three sessions. For example,
“Mo_1.2” means this column variable is participants’ scores to item Mo_1 (I enjoyed
doing this activity very much.) in the second session. Each row represents one candidate
predictor variable. A cell containing “1” means that the row variable is used to impute the

column variable.
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Table D3

Predictors for Items Measuring Motivation

Mo_4.3

Mo_4.2

Mo_4.1

Mo_3.3

Mo_3.2

Mo_3.1

Mo_1.3

Mo_1.2

Mo_1.1

0
0
0
0
0

0
0

0
0
0
0
0
0
0
0
0
0
0

0
0

0
0
0

0
0

0
0

0
0

0
0
0
0

Group
Gender

Age

Race

Major
PRE_MRT

PRE_AST

Cond_1

Cond_2

Cond_3

Pr_1.1

Pr_1.2

Pr_1.3

Pr 2.1

Pr 2.2

Pr 23

Pr 3.1

Pr_3.2

Pr_ 33

Pr 4.1

Pr 4.2

Pr 43

Em_2.1

Em_2.2

Em_2.3

Em_4.1

Em_4.2

Em_4.3

Em_5.1

Em_5.2

Em_5.3

Mo_1.1

Mo_1.2

Mo_1.3

Mo_3.1

Mo_3.2

Mo_3.3

Mo_4.1

Mo_4.2

Mo_4.3

En_I.1

En_1.2

En_1.3

En_2.1

En_2.2

En_2.3

En_3.1

En_3.2
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0

0
0

0
0
0
0

0
0
0
0
0
0
0

En_3.3

En_4.1

En_4.2

En_4.3

En_5.1

En_5.2

En_5.3

CL1.1

CL12

CL 1.3

ClL2.1

ClL22

ClL23

Quiz_1

Quiz_2

Quiz_3
Post MRT

Post_AST
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Predictors for items measuring engagement

Table D4 and Table D5 are the predictor matrices for engagement. The columns
are the set of target variables that measured participants’ engagement across three
sessions. For example, “En_1.2" means this column variable is participants’ scores to
item En_1 (I felt that I was competent enough to meet the demands of the learning task.)
in the second session. Each row represents one candidate predictor variable. A cell

containing “1” means that the row variable was used to impute the column variable.
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Table D4

Predictors for Items Measuring Engagement (1)

En_3.3

En_3.2

En_3.1

En_2.3

En_2.2

En_2.1

En_1.3

En_1.2

En_l1.1

0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0

0
0

0
0
0

0
0

0

Group
Gender

Age

Race

Major
PRE_MRT

PRE_AST

Cond_1

Cond_2

Cond_3

Pr_1.1

Pr_1.2

Pr_1.3

Pr 2.1

Pr 2.2

Pr 23

Pr 3.1

Pr_3.2

Pr_ 33

Pr 4.1

Pr 4.2

Pr 43

Em_2.1

Em_2.2

Em_2.3

Em_4.1

Em_4.2

Em_4.3

Em_5.1

Em_5.2

Em_5.3

Mo_1.1

Mo_1.2

Mo_1.3

Mo_3.1

Mo_3.2

Mo_3.3

Mo_4.1

Mo_4.2

Mo_4.3

En_I.1

En_1.2

En_1.3

En_2.1

En_2.2

En_2.3

En_3.1

En_3.2
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0

0
0

0
0
0
0
0

0
0

0
0
0
0

En_3.3
En_4.1

En_4.2

En_4.3

En_5.1

En_5.2

En_5.3

CL1.1

CL12

CL 1.3

ClL2.1

ClL22

ClL23

Quiz_1

Quiz_2

Quiz_3
Post MRT

Post_AST
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Table D5

Predictors for Items Measuring Engagement (2)

En_5.3

En_5.2

En_5.1

En_4.3

En_4.2

En_4.1

0

0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0

0
0

0
0

0
0

0
0

0
0

0

Group
Gender

Age

Race

Major
PRE_MRT

PRE_AST

Cond_1

Cond_2

Cond_3

Pr_1.1

Pr_1.2

Pr_1.3

Pr 2.1

Pr 2.2

Pr 23

Pr 3.1

Pr_3.2

Pr_ 33

Pr 4.1

Pr 4.2

Pr 43

Em_2.1

Em_2.2

Em_2.3

Em_4.1

Em_4.2

Em_4.3

Em_5.1

Em_5.2

Em_5.3

Mo_1.1

Mo_1.2

Mo_1.3

Mo_3.1

Mo_3.2

Mo_3.3

Mo_4.1

Mo_4.2

Mo_4.3

En_I.1

En_1.2

En_1.3

En_2.1

En_2.2

En_2.3

En_3.1

En_3.2
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0
0

0
0

0
0

0
0
0
0
0
0
0

En_3.3
En_4.1

En_4.2

En_4.3

En_5.1

En_5.2

En_5.3

CL1.1

CL12

CL 1.3

ClL2.1

ClL22

ClL23

Quiz_1

Quiz_2

Quiz_3
Post MRT

Post_AST
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Predictors for Items Measuring Cognitive Load, Quiz Scores, and Scores in the Post-Test.
Table D6 is the predictor matrix for cognitive load, quiz scores, and scores in the
post-test. The columns are the set of target variables that measured participants’ cognitive
load, quiz score, and scores in the post-test respectively. For example, “Cl_1.2” means
this column variable is participants’ scores to item CI_1 (The learning content was
difficult.) in the second session. Each row represents one candidate predictor variable. A

cell containing “1” means that the row variable was used to impute the column variable.
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Table D6

Predictors for Items Measuring Cognitive Load, Quiz Scores, and Scores in the Post-Test

Post. MRT | Post_ AST

Quiz_3

Quiz_2

ClL23

CL22

ClL2.1

CL1.3

CL1.2

CL1.1

0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0

0
0

0
0

0
0

0
0

0

Group
Gender

Age

Race

Major
PRE_MRT

PRE_AST

Cond_1

Cond_2

Cond_3

Pr_1.1

Pr_1.2

Pr_1.3

Pr 2.1

Pr 2.2

Pr 23

Pr 3.1

Pr_3.2

Pr_ 33

Pr 4.1

Pr 4.2

Pr 43

Em_2.1

Em_2.2

Em_2.3

Em_4.1

Em_4.2

Em_4.3

Em_5.1

Em_5.2

Em_5.3

Mo_1.1

Mo_1.2

Mo_1.3

Mo_3.1

Mo_3.2

Mo_3.3

Mo_4.1

Mo_4.2

Mo_4.3

En_I.1

En_1.2

En_1.3

En_2.1

En_2.2

En_2.3

En_3.1

En_3.2
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0

0
0

0
0
0
1
1
1
0
0
0
0
0
0
0

En_3.3
En_4.1

En_4.2

En_4.3

En_5.1

En_5.2

En_5.3

CL1.1

CL12

CL 1.3

ClL2.1

ClL22

ClL23

Quiz_1

Quiz_2

Quiz_3
Post MRT

Post_AST
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