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Abstract

There has been a surge in interest and implementation of immersive virtual reality (IVR)based lessons in education and training recently, which has resulted in many studies on
the topic. There are recent reviews which summarize this research, but little work has
been done that synthesizes the existing findings into a theoretical framework. The
Cognitive Affective Model of Immersive Learning (CAMIL) synthesizes existing
immersive educational research to describe the process of learning in IVR. The general
theoretical framework of the model suggests that instructional methods which are based
on evidence from research with less immersive media generalize to learning in IVR.
However, the CAMIL builds on evidence that media interacts with method. That is,
certain methods which facilitate the affordances of IVR are specifically relevant in this
medium. The CAMIL identifies presence and agency as the general psychological
affordances of learning in IVR, and describes how immersion, control factors, and
representational fidelity facilitate these affordances. The model describes six affective
and cognitive factors that can lead to IVR-based learning outcomes including interest,
motivation, self-efficacy, embodiment, cognitive load, and self-regulation. The model
also describes how these factors lead to factual, conceptual, and procedural knowledge
acquisition and knowledge transfer. Implications for future research and instructional
design are proposed.
Keywords Immersive virtual reality . Educational psychology . Technology-enhanced learning .
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Introduction
The ability to instantaneously transform ourselves into being whatever we want and to explore
worlds that are only bound by the realm of human imagination has historically been limited to
science fiction. However, with the wide availability of modern technology like virtual and
augmented reality and the upsurge in free development engines, it is becoming possible for
anyone to build a virtual experience that is engaging and captivating. This is intriguing for fields
like education wherein existing methods have long been criticized for not adapting to the
opportunities and challenges of the twenty-first century (Scott 2015). With predictions that virtual
reality (VR) and related technologies could reach 15 million learners by 2025 (Goldman Sachs
2018), it is natural that the number of research studies on learning with VR is rapidly increasing. A
literature search shows that the number of publications on Scopus that refer to VR in combination
with either learning, education, or training is quickly growing (see Fig. 1). Although the number
of studies is rapidly increasing, a recent review (Radianti et al. 2020) and meta-analysis (Wu et al.
2020) highlight a lack of theories to guide research and application development as a major
challenge facing this field. It is therefore relevant to develop a research-based theoretical model
that provides an understanding of learning in immersive VR (IVR), so that stakeholders such as
students, teachers, instructional designers, or policy-makers know what to be aware of in using,
choosing, designing, developing, and purchasing IVR-based learning applications.
This paper presents the Cognitive Affective Model of Immersive Learning (CAMIL) with
the intention of providing a research-based theoretical framework for understanding learning in
immersive environments. Although there are an endless number of potential factors that
influence an immersive learning experience, the CAMIL defines some of the most important
ones based upon previous empirical literature within the field of learning with immersive
technology. Below, we first present a definition of IVR before describing the model in detail.
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Fig. 1 Number of articles on the Scopus database that refer to VR in combination with either learn, education,
train, or teach. Note: The following search string was applied: (TITLE-ABS-KEY (“virtual reality” OR vr) AND
TITLE-ABS-KEY (learn* OR education OR train OR teach*)) AND DOCTYPE (ar OR re) AND PUBYEAR >
1981 AND PUBYEAR < 2021. Retrieved October 23, 2020
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Defining Immersive Virtual Reality
VR has been defined as a complex media system that encompasses a specific technological
setup for sensory immersion as well as a means of sophisticated content representation, which
is capable of simulating or imitating real and imagined worlds (Mikropoulos and Natsis 2011).
VR can be accessed through various displays such as a desktop computer, a head-mounted
display (HMD), or a cave automatic virtual environment (CAVE; Buttussi and Chittaro 2018).
The major factor that distinguishes a VR learning session accessed through HMD and CAVE
as compared with a VR session accessed through a desktop computer is the degree of
immersion. Immersion is an objective measure of the vividness offered by a system, and the
extent to which the system is capable of shutting out the outside world (Cummings and
Bailenson 2016). Although the degree of immersion can vary based on the number of senses
that are activated by the technology and the quality of the hardware, VR experiences accessed
through an HMD or in a CAVE are generally regarded as high immersion. Although the
CAMIL is relevant for existing and future immersive learning technologies, and is not a
technology-specific theory, in this paper, we focus on immersive learning experiences that are
accessed through an HMD (which we refer to as IVR) because most of the recent research has
used this technology due to its broad availability. This allows us to provide a concrete
description of the process of learning in immersive environments by using a specific technological solution as an example. Simulations or 3D worlds accessed through a desktop
computer or tablet are referred to as low immersion or desktop VR in the literature and will
only be used as comparisons to IVR in this paper.
IVR allows for head and position tracking and is able to render a different image for each
eye, which creates visual cues for depth perception. IVR also increases the size of the visual
field of view as compared to a monitor. These factors are important for determining the types
of learning experiences that benefit from using IVR, and are essential in determining how to
design learning content for IVR. IVR is also qualitatively different from mixed or augmented
reality technologies because these allow the learner to experience the virtual and the real world
simultaneously, while IVR completely shuts out the real world, psychologically isolating the
learner in the virtual environment (Loomis et al. 1999).
The other defining factor of an IVR learning experience as compared to more traditional
multimedia lessons—for instance those delivered through videos or PowerPoint—is the level
of interaction that is possible (Makransky et al. 2020a). Interaction is a technical feature of an
IVR lesson, which is related to how much freedom the learner is given to control the learning
experience as well as the fidelity (the accordance between actual movements and the
corresponding visual feedback; Kilteni et al. 2012) with which that control can be exerted.
Since immersion and interaction are the main characteristics that differentiate IVR from less
immersive media such as desktop VR, videos, or PowerPoint lessons (Johnson-Glenberg
2019; Makransky et al. 2020a), it is important to understand if, and how, an immersive/
interactive learning experience can influence learning.

The Theoretical Perspective of CAMIL
Historically, there has been a distinction between the roles of media vs. methods in promoting
learning (Clark 1994; Kozma 1994; Salomon 1979). One perspective is that each medium has
its own underlying rules and conventions which can form our cognition, impact our social
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structures, and set cultural norms (McLuhan 1964). McLuhan (1964) is famous for coining the
phrase the “medium is the message”, and he argued that the nature of a medium is more
important than the content of the message. An example of this would be that watching TV is
more relevant in shaping how you think, behave, and interact with others than anything you
might watch on TV. An opposite theoretical perspective is that a medium in itself cannot lead
to increased learning, and the only relevant factor for learning is the instructional method
(Clark 1994; Clark and Salomon 1986). Clark (1994) famously claimed that media are mere
vehicles that deliver instruction, and that they do not influence student achievement, learning,
or motivation. He further argued for the lack of evidence of media effects, and reasoned that
media studies are “confounded” because they fail to control for instructional method (Clark
1994, p. 22). Kozma agreed with the lack of evidence, but responded with hopes that future
media research would prove more positive, and contended that “if we can find a relationship
between media and learning then we will be able to see how technology influences learning”
(Kozma 1994, p. 8).
CAMIL provides a theory of change that describes how it is not the medium of IVR that
causes more or less learning, but rather that the instructional method used in an IVR lesson will
be specifically effective if it facilitates the unique affordances of the medium. That is,
interaction and immersion are limited with lessons presented on a video or PowerPoint, but
are greater with IVR or other existing/future immersive technologies. So students’ presence
and agency, which are psychological constructs that arise from immersion and interaction, will
generally be higher in immersive media. This means that instructional methods that enrich
learning though higher presence or agency will specifically increase learning through
immersive technology.
Several recent studies have attempted to disentangle the effects of media and instructional
methods in the field of IVR-based learning. These studies have investigated the effectiveness
of an instructional method presented across media by using the same lesson presented in IVR
compared to a video or desktop VR. For instance, Meyer et al. (2019) used a 2 × 2 design to
investigate the effect of the pre-training principle across a biology lesson presented in IVR or
by video in a sample of 118 students. The authors found an interaction between media and
method, where pre-training had a significant positive effect on the outcomes of knowledge
retention, transfer, and self-efficacy; but no effect was found for any of these variables within
the video condition. The findings suggest that the method of pre-training specifically enables
the media of IVR to be a successful learning tool. That is, having high prior knowledge enables
the affordances of presence and agency to be conducive to learning by allowing learners to
interpret their experiences in the IVR lesson in a meaningful way. By contrast, learners who
have no prior knowledge to anchor these experiences on may experience entertainment value
stemming from high presence and agency, without properly selecting, organizing, and
integrating the information into long term memory. In another study, Makransky et al.
(2020a) also used a 2 × 2 design to investigate the effectiveness of the generative learning
strategy of enactment after a lesson across two media conditions consisting of an interactive
IVR simulation compared to a video of the simulation in a sample of 165 high school students.
There was an interaction between media and method with enactment resulting in significantly
better procedural knowledge and transfer in the IVR group, but not in the video group. The
authors concluded that learning in IVR is not more effective than learning with video; but
incorporating the generative learning strategy of enactment is specifically effective when
learning through IVR because the affordances of presence and agency result in highly
engaging experiences which do not necessarily facilitate self-regulated learning. Nonetheless,
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adding a generative learning strategy specifically helped the students who learned in IVR
because this provided the time for reflection, which was necessary for integrating the highly
engaging experiences into meaningful schema. Finally, Klingenberg et al. (2020) conducted a
2 × 2 mixed-methods experiment with 89 undergraduate biochemistry students. Students
learned about the electron transport chain through desktop VR and IVR (media conditions),
with about half of each group engaging in the subsequent generative learning activity of
teaching a fellow student (method conditions). The authors found a significant interaction
between media and methods indicating that the generative learning strategy of teaching
significantly improved retention, transfer, and self-efficacy when learning through IVR, but
not desktop VR. These studies provide evidence that certain instructional methods enable IVR
to be more effective, and help build the theoretical foundation for CAMIL.
The above examples describe how methods enable media in the sense that an instructional
method specifically facilitates the affordances of, or limits the shortcomings of, learning in a
specific medium. It is also possible that the affordances of a medium specifically enable an
instructional method. An example is the embodiment principle, which states that people learn
more deeply when onscreen agents display human-like gesturing, movement, eye contact, and
facial expressions (Mayer 2014a). The principle is based on social agency theory (Mayer
2014a), which describes how using the embodiment principle can prime a learner’s social
presence and increase their motivation to exert more effort to make sense of a lesson. The
CAMIL predicts that the instructional effectiveness of the embodiment principle would be
greater when learning through an IVR lesson compared to a video because learners will
generally have a higher sense of presence in IVR. Therefore, the potential difference between
a lesson that facilitates this process in IVR as compared to a lesson that does not (e.g., if it was
presented through video) will be greater. That is, the CAMIL would predict that the embodiment principle causes learning in an IVR and a video lesson, thus supporting the method
perspective. However, the CAMIL would go on to predict an interaction between media and
methods where learners in the IVR-based lesson would benefit more from the embodiment
principle than the video-based lesson, because the affordances of the media of IVR specifically
enables the method.
To sum up, the CAMIL takes the theoretical perspective that media interacts with method.
Therefore, the CAMIL recognizes that motivational and learning theories that have been
developed for less immersive media generalize to learning in IVR; however, the model
predicts that there will be an interaction when the instruction facilitates one of two principle
affordances of learning in IVR: presence and agency. Furthermore, the CAMIL describes how
these two affordances result from technological features, and how they predict learning
through affective and cognitive processes. Finally, the model describes how six affective
and cognitive factors including interest, intrinsic motivation, self-efficacy, embodiment, cognitive load, and self-regulation lead to factual, conceptual, and procedural knowledge acquisition as well as knowledge transfer. The factors are identified based on previous VR-based
research (e.g., Lee et al. 2010; Makransky and Lilleholt 2018; Makransky and Petersen 2019).

General Overview of the CAMIL
1. The general theoretical framework of the model suggests that motivational and learning
methods developed based on evidence from research with less immersive media generalize to learning in IVR; however, the CAMIL takes the perspective that media interacts
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with method. This view acknowledges that learning methods affect learning, but suggests
that certain methods are more or less relevant in IVR.
2. The general affordances of learning in IVR are presence and agency.
3. The model describes how these affordances influence six affective and cognitive factors
that play a role in immersive learning, including interest, intrinsic motivation, selfefficacy, embodiment, cognitive load, and self-regulation.
4. The model predicts how these relationships relate to different learning outcomes.
Figure 2 illustrates the constructs that are included in CAMIL and the relationships between
these constructs. The model is built on previous research (Makransky and Lilleholt 2018;
Makransky and Petersen 2019) that recognizes that affective and cognitive factors play a role
in immersive learning. These studies empirically tested a framework developed and proposed
by Lee et al. (2010), which incorporates constructs that are relevant for learning in desktop VR
based upon several previously proposed media technology models (e.g., Alavi and Leidner
2001; Piccoli et al. 2001; Salzman et al. 1999; Wan et al. 2007). In the following sections, we
describe the relations between the different variables in the CAMIL (that is, the paths
illustrated in Fig. 2). In this way, we first describe how technological factors including
immersion, control factors, and representational fidelity influence the main psychological
affordances of learning in IVR, which are a high sense of psychological presence and agency
(Johnson-Glenberg 2019; Makransky et al. 2020a). Then we describe six affective and
cognitive factors through which the affordances of presence and agency can lead to learning
outcomes. These include interest, intrinsic motivation, self-efficacy, embodiment, cognitive
load, and self-regulation. Finally, we describe how these factors lead to important learning
outcomes, including factual, conceptual, and procedural knowledge, and transfer of learning.
We conclude the paper with a discussion of the implications of the CAMIL for future research
and instructional design as well as external factors that may influence the CAMIL.

What Factors Lead to Presence?
Presence can roughly be translated to a feeling of “being there” (Ijsselsteijn and Riva 2003).
Ijsselsteijn and Riva (2003) subdivide the determinants of presence in mediated environments
into media characteristics and user characteristics. As presence is related to perceiving, there is
an individual component to it (i.e., different individuals may experience different amounts of
presence in response to the same experience). This could, for instance, be related to an
individual’s attentional capacities. In terms of media characteristics, Ijsselsteijn and Riva
(2003) refer to Sheridan (1992) who suggested three types of determinants of presence: (1)
the extent of sensory information presented, (2) the amount of control one has over the sensors
in the environment, and (3) the degree to which one can modify the environment and its objects.
The first determinant has to do with the degree of immersion offered by the system in question.
The second and third determinants are related to the degree of control afforded by the
environment, where the immediacy with which it is effectuated plays a central role (Witmer
and Singer 1998). Another important determinant of presence is the representational fidelity of
the environment, which has to do with how realistically the environment is displayed as well as
the smoothness of view changes (Dalgarno and Lee 2010). In summary, the CAMIL regards
immersion (positive relation, path 1 in Fig. 2), control factors (positive relation, path 2 in Fig. 2),
and representational fidelity (positive relation, path 4 in Fig. 2) as important factors for
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Fig. 2 Overview of the CAMIL

instigating a sense of presence in virtual environments. Control factors encompass variables
such as degree of control, immediacy of control, and mode of control (Witmer and Singer
1998). Representational fidelity includes variables such as realism of display, smoothness of
display, and consistency of object behavior (Dalgarno and Lee 2010). Furthermore, the CAMIL
distinguishes between three different dimensions of presence including physical, social, and
self-presence (Lee 2004; Makransky et al. 2017). We use Lee’s (2004) definition of physical
presence as a psychological state in which virtual physical objects are experienced as actual
physical objects in either sensory or non-sensory ways. Social presence is defined as a
psychological state in which virtual social actors are experienced as actual social actors in
either sensory or non-sensory ways (Lee 2004). Self-presence is defined as a psychological state
in which virtual self/selves are experienced as the actual self in either sensory or non-sensory
ways (Lee 2004).

What Factors Lead to Agency?
According to Moore and Fletcher (2012), sense of agency (here referred to as agency) can be
described as a feeling of generating and controlling actions. The most important predictor of
agency in virtual environments is that users have control over their actions and are able to exert
that control over parameters in the environment (Johnson-Glenberg 2019). It follows that low
agency would result from immersive virtual environments where interaction is not possible
and where the user follows a fixed narrative. Furthermore, Kilteni et al. (2012) refer to studies
that indicate a particular role for accordance between an actual movement and the corresponding visual feedback in creating agency. This phenomenon is related to forward modeling of the
central nervous system (CNS; Farrer et al. 2008). In this sense, the CNS represents the
predicted sensory consequences of a given movement, which is then compared to the actual
sensory feedback signals arising as a consequence of the movement (Farrer et al. 2008). If
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these are correlated, it gives rise to agency (Farrer et al. 2008). It follows from this that a body
representation (anatomically correct or not) and the ability to control this representation are
important in order to experience agency in immersive environments. In other words, control
factors (positive relation, path 3 in Fig. 2; e.g., being able to control the body representation
and modify the environment and its objects) are regarded as the most important predictor of
agency in the CAMIL.
The CAMIL includes six affective and cognitive factors that can lead to IVR-based learning
outcomes. We start by presenting how presence and agency influence each of these six factors
(interest, intrinsic motivation, self-efficacy, embodiment, cognitive load, and self-regulation),
before describing how these variables lead to learning outcomes.

How Do Presence and Agency Influence Interest, Intrinsic Motivation,
Self-Efficacy, Embodiment, Cognitive Load, and Self-Regulation?
Situational Interest
Interest is a psychological construct that represents a relationship between an individual and a
specific topic or content area, and is characterized by both affective and cognitive factors
(Krapp 1999). Broadly speaking, two types of interest are described in the literature: situational
and individual interest (Hidi and Renninger 2006). We focus on situational interest and define
it as the focused attention and affective reaction that is activated in the moment by certain
stimuli (Hidi and Renninger 2006). Situational interest may elicit short-term, situational
knowledge-seeking behavior—that is, a state of wanting to know more (Knogler et al.
2015). Although the main focus in the CAMIL is on situational interest, as IVR provides an
ideal way of triggering and maintaining situational interest, we recognize that this may develop
into an individual interest—i.e., a disposition to reengage content over time. The empirical
articles that have investigated affective outcomes of educational interventions in IVR compared to less immersive media have generally been consistent in finding higher levels of
presence (e.g., Buttussi and Chittaro 2018; Makransky and Lilleholt 2018; Makransky et al.
2019b; Parong and Mayer 2018), and interest (Makransky et al. 2020c; Parong and Mayer
2018). Presence can foster the conditions necessary for sparking a situational interest in the
learner (positive relation, path 5 in Fig. 2). Situational interest can be initiated by environmental stimuli, often of novel and intense nature (Hidi and Renninger 2006; Renninger et al.
2008). Feeling a high level of presence in a realistic virtual environment may constitute such a
novel and intense experience, triggering one’s interest in the moment. In addition, a high
degree of agency in virtual environments can have a positive effect on learners’ situational
interest (positive relation, path 6 in Fig. 2), as exemplified in Schraw et al. (2001) who
accounted for the role of choice and autonomy in increasing situational interest in the
classroom.

Intrinsic Motivation
Intrinsic motivation refers to engaging in an activity for the built-in satisfaction associated with
the activity itself, rather than for some separate consequence (Deci and Ryan 2000). Selfdetermination theory (SDT; Deci and Ryan 2015) highlights autonomy, competence, and
relatedness as important needs that should be met in order to develop intrinsic motivation. The
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empirical articles that have compared IVR to less immersive media have also consistently
identified higher levels of enjoyment (Makransky and Lilleholt 2018; Meyer et al. 2019), and
intrinsic motivation (Makransky and Lilleholt 2018; Olmos-Raya et al. 2018; Villena Taranilla
et al. 2019) in IVR-based lessons. Previous literature using structural equation modeling has
also identified an affective path related to learning with IVR, where higher presence was
associated with higher motivation and enjoyment and thereby more perceived learning
(Makransky and Lilleholt 2018). Being in the presence of a perceived real virtual instructor
(social presence) capable of providing positive feedback may satisfy learners’ need for
competence as well as social relatedness, thereby leading to higher intrinsic motivation for
the activity (positive relation, path 7 in Fig. 2; Deci and Ryan 2015). According to social
agency theory (Mayer 2014a), such social interactions are motivating to the extent that they
activate a social response in the learner, leading to the exertion of cognitive activity in order to
make sense of the learning material. According to the CAMIL, agency during immersive
learning also affects the level of intrinsic motivation felt by the learner. This link can be
explained by SDT, which holds that providing individuals with choice and acknowledgement
of their internal perspective enhances their sense of autonomy and thereby their intrinsic
motivation (Deci and Ryan 2015). According to the Control-Value Theory of Achievement
Emotions (CVTAE), achievement activities of high perceived value and controllability trigger
enjoyment in the learner (Pekrun 2006). Pekrun (2006) cites Skinner (1996) in his description
of perceived control as one’s perceived causal influence over actions. This is directly related to
agency, and we thus can infer that high agency during immersive learning instigates intrinsic
motivation (positive relation, path 8 in Fig. 2).

Self-Efficacy
Self-efficacy refers to one’s perceived capabilities for learning or performing actions (Schunk
and DiBenedetto 2016). In a meta-analysis, Sitzmann (2011) concluded that computer-based
simulation games can increase self-efficacy by 20%. Several empirical studies investigating
the effect of IVR-based lessons on self-efficacy have also identified positive effects (e.g.,
Buttussi and Chittaro 2018; Klingenberg et al. 2020; Makransky et al. 2019a, 2020a; Petersen
et al. 2020). The CAMIL builds on the work from Bandura (1977), who describes four major
sources of information that can increase expectations of personal efficacy. The strongest is
performance accomplishments, followed by vicarious experience, verbal persuasion, and
physiological states. The CAMIL describes how a high sense of presence and agency leads
learners to experience activities in a virtual lesson as performance accomplishments because
they perceive the virtual experience as “real” (positive relation between presence and selfefficacy, path 9, Fig. 2), and feel like they are in control of their actions (positive relation
between agency and self-efficacy, path 10, Fig. 2). This is in contrast to other media such as a
video, which provides learners with a vicarious experience rather than a mastery experience.
The predictions are supported by previous literature including a meta-analysis by
Gegenfurtner and colleagues (2014) which concluded that higher levels of interaction and
user control result in higher estimates of self-efficacy. Immersive simulations can increase selfefficacy through immediate high-fidelity feedback on one’s actions and choices (Makransky
et al. 2020b). The relation between presence and self-efficacy has also been identified in
previous research. Makransky and Petersen (2019) used structural equation modeling to
identify a positive path between presence and self-efficacy which went through intrinsic
motivation.

Educational Psychology Review

Embodiment
The term embodiment can be used to describe the sensations that arise as part of “being inside,
having, and controlling a body” (Kilteni et al. 2012, p. 375). Embodiment is a central part of
embodied cognition, which suggests that the way we think and make sense of the world
depends on our sensorimotor system and bodily interactions with the environment (Wilson
2002). In general, this view emphasizes the role of the body in human experience and links it
with cognitive processes (Stolz 2015) as well as affective processes (i.e., when emotions
involve bodily sensations; Furtak 2018). In IVR, embodiment refers to the experience of
owning a virtual body (body ownership), which can be influenced by the external appearance
of the body and the ability to control the actions of the body (agency), and the possibility to
feel the sensorial events directed to the body (such as touch; Kilteni et al. 2012; Longo et al.
2008). In the CAMIL, presence, and specially self-presence, is posited to be associated with
increased levels of embodiment experienced by learners in IVR (positive relation, path 11 in
Fig. 2; Biocca and Frank 1997). As mentioned above, self-presence refers to experiencing a
virtual self as the actual self in either sensory or non-sensory ways, and is thus closely linked to
feelings of embodiment. Likewise, feeling in control of the actions of the body (agency) is
positively linked to embodiment (positive relation, path 12 in Fig. 2; Gonzalez-Franco and
Peck 2018).

Cognitive Load
Cognitive load theory (CLT; Sweller et al. 2011) and the cognitive theory of multimedia
learning (CTML; Mayer 2014b) describe how cognitive overload occurs when the information
to be processed during learning exceeds the limited capacity of working memory. Cognitive
load (CL) is posited to be caused by the cognitive demands involved in the learning task, and it
is a multifaceted construct consisting of intrinsic and extraneous load (Kalyuga 2011; Sweller
2010). Intrinsic CL is influenced by the number of elements that must be processed simultaneously in working memory and the expertise of the learner (Van Merriënboer and Sweller
2005). Extraneous CL is dependent on the design of the learning task based on how
information is presented to the learner. A number of studies have identified CL as a specifically important component of understanding the learning process when learning in IVR
(Makransky et al. 2019b; Meyer et al. 2019; Moreno and Mayer 2002; Parong and Mayer
2018, 2020). This research suggests that learning in IVR leads to higher extraneous CL than
learning in less immersive media, and highlights the importance of considering CL when
designing IVR learning tools. IVR systems increases the size of the visual field of view
compared to a monitor which can increase presence. However this can also increase extraneous cognitive load because learners have to find relevant content, specifically when the content
includes seductive details that are not necessary for learning (Makransky et al. 2020a).
Therefore, CAMIL describes a positive relationship between presence and extraneous cognitive load (positive relation, path 13 in Fig. 2). Extraneous CL can also result from high levels
of agency (positive relation, path 14 in Fig. 2). Makransky et al. (2020a) describe how an IVR
intervention, which allowed for more agency by giving learners autonomy to view the content
of their choices and to interact with features in an interactive immersive laboratory simulation,
was not optimal or conducive to learning because this might have led to extraneous CL,
whereas learners who watched a video of the same content only viewed an optimal run,
leading to less extraneous CL.
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Self-Regulation
Self-regulation is defined as “the ability to manage one’s behavior, so as to withstand
impulses, maintain focus, and undertake tasks, even if there are other more enticing alternatives available” (Boyd et al. 2005, p. 3). Students who successfully self-regulate generate
thoughts, feelings, and actions to attain their learning goals (Zimmerman 2013). IVR-based
lessons can potentially facilitate this process through high levels of social presence, which
makes it possible to increase self-regulated learning through meaningful interactions with peer
avatars or pedagogical agents (potential positive relation, path 15 in Fig. 2; Makransky et al.
2019c). Nevertheless, immersive learning environments are highly engaging, yet cognitively
demanding due to high levels of presence, so self-regulated learning can suffer when
immersive lessons do not provide natural reflection opportunities (potential negative
relation, path 15 in Fig. 2; Makransky et al. 2019b). This is the case because a highly engaging
environment with high levels of presence and agency may cause the learner to not actively
monitor or adapt their affective, cognitive, metacognitive, and motivational processes unless
lessons are heavily scaffolded (Meyer et al. 2019; Makransky 2020; Parong and Mayer 2018).
An example is that students may be tempted to engage in hedonic activities (Van Der Heijden
2004). Hedonic information systems focus on the fun aspect of using the system and are
designed to provide self-fulfilling rather than instrumental value to the user, thereby encouraging prolonged rather than productive use. Although these activities lead to more interest and
enjoyment, they can also result in more superficial learning strategies and thus lower learning
and transfer (Makransky et al. 2020a). Even when IVR systems are not specifically designed to
engage learners in hedonic activities, there is a risk that learners are overwhelmed by the
engaging activities they experience in IVR, and the high levels of agency and presence. By
definition, reflection requires a momentary decoupling from one’s activities, which may be
undermined by high presence and agency (potentially negative relations; paths 15 and 16 in
Fig. 2, respectively). Nevertheless, more agencies in the form of activating participants in their
own learning process can also provide opportunities for self-regulated learning. Therefore,
introducing reflection activities that prompt metacognition and deeper learning within, or after,
IVR is critical (potentially postive relation; path 16 in Fig. 2; Makransky et al. 2020a).
Therefore, unlike the other paths in CAMIL where the direction of the paths are hypothesized,
the directions of the paths 15 and 16 are contingent on whether the instructional design
components of an immersive lesson explicitly facilitate self-regulation.

What Are the Different Learning Outcomes Included in the CAMIL?
The types of learning outcomes predicted by the CAMIL include factual, conceptual, and
procedural knowledge, and transfer of knowledge; all of which have been identified in
connection with uses of IVR in education (Radianti et al. 2020). These are in part based on
Anderson et al.’s (2001) taxonomy for learning, teaching, and assessing, including factual
knowledge, conceptual knowledge, and procedural knowledge. We added transfer of knowledge as it is often cited as the ultimate outcome of education (Mayer 2014b; Prawat 1989). In
the following, we define each of these learning outcomes and briefly describe their relevance
in relation to IVR. This is followed by a description of the connection between the six affective
and cognitive factors that play a role in immersive learning described in CAMIL and these
learning outcomes.
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Factual and Conceptual Knowledge
Factual knowledge is defined as knowledge of discrete, isolated content elements or “bits of
information” (Anderson et al. 2001, p. 45). These bits of information can include knowledge of
terminology and knowledge of specific details and elements. Conceptual knowledge is defined
as knowledge of “more complex, organized knowledge forms” (Anderson et al. 2001, p. 48).
Conceptual knowledge can include classifications and categories, principles and
generalizations, and theories, models, and structures. Parong and Mayer (2018) found that
an immersive VR lesson was less effective than a PowerPoint lesson for acquiring factual
knowledge, but they found no significant difference in conceptual knowledge acquisition.
Other studies that have compared immersive and non-immersive learning systems have not
differentiated between factual and conceptual knowledge and instead combined these into
declarative knowledge. This research shows mixed findings. For instance, Webster (2016)
found that VR-based instruction produced higher declarative knowledge learning gain scores
than lecture-based instruction. Makransky et al. (2019a) report no significant differences when
comparing an immersive simulation to a desktop simulation or a booklet for declarative
knowledge acquisition. FinallyMakransky et al. (2019b) found that an immersive VR simulation was less effective in terms of developing declarative knowledge compared the same
simulation presented on a desktop computer. These results suggest that IVR is not necessarily
the ideal medium for teaching factual knowledge, and that the exact mechanisms that cause
IVR to be more or less effective for developing factual and conceptual knowledge depend very
much on how the IVR lesson is designed.

Procedural Knowledge
Procedural knowledge is defined as knowledge about how to do something (Anderson et al.
2001), and reveals itself through behavior (e.g., knowing how to drive a car) rather than
conscious recollection. A recent systematic review found that IVR was used most frequently to
teach procedural-practical knowledge (Radianti et al. 2020). One reason for this is that IVR
provides optimal conditions for rehearsing procedures, through the provision of appropriate
sensors such as hand-control devices, gloves, or camera-based real hand tracking, making it
possible to slow down the performance of a procedure or rehearse it an endless amount of
times. Such use of IVR for gaining procedural knowledge has especially been used with
procedures that are difficult or dangerous to train in real life, such as fire safety behavior
(Sankaranarayanan et al. 2018), complicated surgical procedures (Xin et al. 2019), or flying
planes (Oberhauser and Dreyer 2017).

Transfer
Transfer of learning refers to situations where learning that has taken place in one context
impacts performance in another context, and is considered a key educational concept and goal
(Perkins and Salomon 1992). By providing virtual simulations of real-life performance
situations, transfer of learning to actual real-life situations can be enhanced through IVR
(e.g., Makransky et al. 2019a). Such transfer can both be procedural (e.g., in the case of using
skills learned in a fire safety simulation during a real-life fire accident) or conceptual (e.g.,
when a virtual “tour” of the human brain via IVR impacts performance on a real-life test of
brain anatomy).
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How Do the Six Affective and Cognitive Factors Lead to Learning
Outcomes?
Heightened levels of situational interest, intrinsic motivation, self-efficacy, embodiment, and
self-regulation and lower levels of cognitive load can have positive effects on learning
outcomes, as predicted by the CAMIL (see Fig. 2). Below we go through these paths
individually.
According to Harackiewicz et al. (2016), situational interest promotes learning by increasing the learner’s attention and engagement, making learning feel effortless (positive relation,
path 17 in Fig. 2).
Intrinsic motivation influences learning by exciting persistence and curiosity in the learner
(positive relation, path 18 in Fig. 2; Dev 1997). Enjoyment which results from intrinsically
motivating learning activities is assumed to positively impact learning through facilitating the
use of flexible, creative learning strategies as proposed in the CVTAE (path 19 in Fig. 2;
Pekrun 2006). By keeping the learner’s focus on the task and inciting awareness of one’s
learning process, these processes can promote factual, conceptual, and procedural knowledge,
and ultimately transfer of learning.
Self-efficacy influences learning because beliefs about whether one can effectively perform
the behaviors necessary to produce an outcome are a major determinant of goal setting, activity
choice, willingness to expend effort, and persistence (Eccles and Wigfield 2002). These are all
important and have a positive effect on academic performance and learning (Pajares 1996). In
their meta-analysis, Richardson et al. (2012) found a medium correlation of 0.31 between GPA
and academic self-efficacy (i.e., general perceptions of academic capability), and a correlation
of 0.59 between GPA and performance self-efficacy (i.e., perceptions of academic performance capability). The CAMIL predicts a positive relation between self-efficacy and learning
outcomes (path 19 in Fig. 2).
The theories of embodied cognition suggest that there is a connection between motor and
visual processes; and the more explicit the connection the better the learning, suggesting that
embodiment is important for learning. Agency through appropriate interaction fidelity can
facilitate learning, as direct manipulation of external representations of materials is an implicit
part of learning. Evidence suggests that when a motoric modality is added to the learning
experience, more neural pathways are activated, which results in more learning or memory
trace (Broaders et al. 2007; Goldin-Meadow 2011). Furthermore, there is evidence that
learning increases when bodily interactions and visual features of a particular concept are
coordinated (Jang et al. 2017). That is, when physical activities are meaningful for the learning
outcome, such as manipulating an object to understand its physical dimensions. In the CAMIL,
the relationship is outlined through a higher level of self-presence and agency, which is
associated with embodiment and embodied learning experiences. Embodiment is especially
relevant for developing procedural knowledge (e.g., Kilteni et al. 2013), but may also
strengthen neural pathways during factual/conceptual learning, and thus lead to the development of factual and conceptual knowledge (positive relation, path 20 in Fig. 2). Ultimately, this
can reveal itself as enhanced transfer performance.
CL is an important factor in CAMIL because it provides an understanding of the complexity that occurs when designing IVR learning experiences. This is the case because more
complex visual representations and details, which represent better representational fidelity and
can lead to higher presence, may also lead to virtual environments that result in higher
extraneous CL and less learning. This is the case when these features are seductive details
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(also referred to as “bells and whistles”) that are not relevant for learning (Moreno and Mayer
2002). Similarly, more agency does not necessarily mean more learning when it can lead to
more extraneous CL. Makransky et al. (2020a) describe how viewing a science simulation
on video led to better factual knowledge acquisition than learning the same content while
controlling the interaction and viewing in an IVR simulation, presumably due to extraneous
CL. As such, extraneous CL negatively influences the learning of factual, conceptual, and
procedural knowledge, as well as the transfer of this knowledge (negative relation, path 21
in Fig. 2). The goal of instructional design is to optimize learning by reducing the degree of
unnecessary processing (extraneous CL) produced by the learning task, while simultaneously increasing cognitive engagement, so that the learner’s limited cognitive resources
can be used to engage in the type of processing that is necessary for learning (Moreno and
Mayer 2007).
Self-regulation is also an important yet complicated factor when designing immersive
lessons. This is the case, because immersive lessons can be designed to help learners selfregulate, but they can also add enticing alternatives in the form of seductive details (Moreno
and Mayer 2002). Several studies have investigated generative learning strategies as ways of
stimulating self-regulation during learning. Generative learning theory (Fiorella and Mayer
2016; Wittrock 1974) suggests that learning is the “process of generating and transferring
meaning for stimuli and events from one’s background, attitudes, abilities, and experiences”
(Wittrock 1989, p. 93). Initial research suggests that the generative learning strategy of
summarization improves factual and conceptual knowledge when applied within an IVR
science simulation (Parong and Mayer 2018). Furthermore, Makransky et al. (2020a) found
that the generative learning strategy of enacting improved procedural knowledge and transfer
when used after an IVR simulation, but not when the same lesson was presented as a video.
Finally, Klingenberg et al. (2020), found that the generative learning strategy of summarization
increased retention of declarative knowledge when conducted following an IVR simulation, as
compared to the same lesson in a desktop simulation. In summary, self-regulation promotes
factual, conceptual, and procedural knowledge, as well as transfer (positive relation, path 22;
Sitzmann and Ely 2011); however, the extent to which an immersive learning experience
facilitates self-regulated learning depends greatly on how the lesson is designed and implemented. This is described in more detail in the following sections.

What Are the Implications for Future Research Based on CAMIL?
The CAMIL provides several important implications for future research in the field of
immersive learning. Rather than conducting media comparisons that could potentially lead
to a body of research that may not show any consistent differences between modalities,
CAMIL identifies specific affordances of learning in immersive virtual environments, and
proposes that future research should attempt to understand how these affordances interact with
different instructional methods. This view prioritizes research which investigates interactions
between media and instructional methods. Therefore, future research should investigate if
motivational and learning theories generalize to immersive environments, and should specifically test the proposal that there will be an interaction between media and methods when an
instructional method facilitates one of the two affordances of learning in IVR: presence and
agency. This will ultimately provide a better understanding learning in a particular modality
such as IVR.
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Another relevant perspective to consider is the hype factor often associated with educational
VR. In general, emerging technologies are said to progress through different levels of hype
(i.e., expectations that surround a technology over time from its initial launch; Fenn and
Blosch 2020). Such expectations are often exaggerated at first due to media coverage and
heavy marketing campaigns (Fenn and Blosch 2020). Similar to the views provided in
Chandler (2009), we argue that it is important to look beyond the “wow” factor of dynamic
visualizations for instruction. If instructional support and learning processes are not emphasized, even the latest technological advancements may have limited instructive value. Hype
may have benefits in itself as demonstrated by the novelty effect, where people show increased
effort and attention when dealing with media that are new to them (Clark 1983). Consequently,
level of prior experience with IVR is an important external factor to control for, as we discuss
later in this manuscript. Nevertheless, the effect of novelty is only transient and may never take
the place of instructional support.
Although the CAMIL is based on empirical research end existing educational theories, few
empirical studies have specifically tested the paths outlined in the model. More research is therefore
needed to test, extend, and revise the model. For instance, more studies are needed to investigate the
antecedents of presence and agency. Furthermore, the CAMIL provides a theory of change that can
help describe how the affordances of presence and agency can lead to learning outcomes through
affective and cognitive factors. More research is needed because embodiment, cognitive load, and
self-regulation are complicated theoretical frameworks which can be used to design immersive
learning interventions that can facilitate learning, but these frameworks can also help understand
why immersion can be detrimental to learning. Research that specifically untangles these complicated relationships is thus needed. More research is also needed to establish how factors such as
interest, intrinsic motivation, and self-efficacy can mediate the relationship between presence and
agency and different learning outcomes. The CAMIL differentiates between factual, conceptual,
procedural knowledge, and transfer, but few studies within the field of immersive learning
differentiate between these constructs. Future research should use knowledge taxonomies to
differentiate between different learning outcomes in order to provide a better understanding of
how the affordances of learning in immersive environments benefits different learning outcomes.
Knowledge transfer is specifically relevant as immersive simulations can simulate realistic settings
where the knowledge is ultimately to be used; however, immersive lessons are also typically
situated, which could make it difficult to transfer knowledge to a different situation.

What Are the Implications for Instructional Design Based on CAMIL?
The implications for instructional design are that IVR learning tools should be developed with
a focus on the affordances of IVR. This would suggest that designers should emphasize
immersion, representational fidelity, and control factors when developing IVR learning tools
thereby increasing presence and agency. Specifically, this would mean designing the environment for use with an HMD, ensuring a realistic display of the environment and smoothness of
view changes, and affording a high degree and immediacy of control. By doing so, instructional designers can create realistic experiential learning opportunities, allowing learners to
perform tasks that would be impossible, impractical, or too expensive to perform in the real
world (Dalgarno and Lee 2010). In general as described by the CAMIL, high presence and
agency obtained through immersive learning experiences can facilitate interest, intrinsic
motivation, self-efficacy, and embodiment and thereby facilitate learning. Simultaneously
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however, it is important to consider cognitive load and self-regulation when designing
immersive learning scenarios. This includes reducing extraneous processing. Instructional
design principles that could be specifically relevant for immersive learning environments
include the coherence principle (Mayer and Fiorella 2014; e.g., leave out irrelevant material
that leads to hedonic activities but does not support learning) and the signaling principle
(Mayer and Fiorella 2014; e.g., help learners focus their attention on relevant features in a way
that does not diminish their presence). Instructional design principles that help manage
essential processing are also specifically relevant for IVR, including the pre-training (Meyer
et al. 2019), segmentation (present multimedia messages in learner-paced segments; Parong
and Mayer 2018), or modality principles (use spoken rather than printed words in a multimedia
message; Mayer and Pilegard 2014). Furthermore, instructional design principles such as the
embodiment principle (Mayer 2014a) are especially relevant for immersive learning environments because they foster generative processing through higher social presence. Self-efficacy
can also be increased by using the feedback principle (Johnson and Priest 2014). Adding selfregulation activities to manage essential processing during immersive learning is also important. Reflection activities can take the shape of explaining the content of a lesson to an avatar
peer in VR, or to a real peer after an IVR lesson (Klingenberg et al. 2020), or summarizing
after segments of an IVR lesson (Parong and Mayer 2018).

Important External Factors that Influence the CAMIL
There are a number of overarching factors that do not appear in the CAMIL but nonetheless
influence the model. These encompass usability, social factors, and a range of individual
differences variables, including age, tendency to experience cyber sickness, working memory,
personality, predisposition towards absorption, and spatial ability.
In the context of IVR, usability can be defined as the extent to which the IVR system can be
utilized by specified users to achieve specified goals with effectiveness, efficiency, and
satisfaction in a specified context of use (ISO 2018). Thus, usability has to do with the
outcome of interacting with a system, and can be understood in terms of user performance
and satisfaction (ISO 2018). Importantly however, suitable system attributes can be instrumental in making it usable (ISO 2018). This means taking important factors such as system
design into account. Why is it important to emphasize usability when dealing with educational
IVR, and specifically in the CAMIL? In general, the intended users might not be able/willing
to use the system if the usability is low (ISO 2018). Low usability, e.g., by virtue of errors in
navigating, may also result in breaks in presence. Likewise, low usability may impair the
users’ sense of agency through limiting their control. Additionally, the role of social influence
is included in theories such as the technology acceptance model (Venkatesh and Davis 2000),
and can influence learning with immersive technology.
It is also important to recognize that learners may possess different degrees of certain traits
and dispositions that can moderate the impact of IVR learning interventions. For instance,
younger users have been shown to be more likely to accept immersive technologies compared
to older users (Suh and Prophet 2018). Cyber sickness is also a factor known to occur for some
users of HMDs (Munafo et al. 2017), and can diminish learning from IVR by shifting the
learners’ focus. Munafo et al. (2017) found indications of a gender difference in the occurrence
of cyber sickness, with women being more susceptible than men. Cognitive differences in
variables, such as spatial ability, may also contribute to variability in IVR learning between
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individuals (Li et al. 2020). Although no extensive investigations, to our knowledge, have
been carried out with respect to the influence of personality traits on IVR learning, Watjatrakul
(2016) found that neuroticism and openness to experience influence university students’
intentions to adopt online learning programs by influencing their perceived value of online
learning. This highlights the role of personality in learning with technology. Furthermore, the
tendency of the learner to become absorbed in activities may make them more inclined to
experience spatial presence (a combination of physical presence and self-presence; Wirth et al.
2007). Prior experience and familiarity with IVR is also an essential factor to consider as this
makes it possible to investigate novelty effects.

Conclusion
In conclusion, CAMIL extends previous research and theory from the fields of virtual reality,
multimedia, educational psychology, and educational technology, to describe how IVR can lead
to factual, conceptual, and procedural knowledge acquisition, as well as transfer of learning.
Recent reviews and meta-analyses of IVR in education have highlighted challenges facing the
research in this field, including not using learning theories (Radianti et al. 2020; Wu et al. 2020)
and lack of theoretical and methodological rigor (Jensen and Konradsen 2018; Radianti et al.
2020). Given that the number of research articles in the field of immersive learning is rapidly
increasing, we hope that researchers will include measures of the variables included in the
CAMIL, as well as the external factors, when conducting research on the use of IVR for
learning. This would make it possible to test the paths and relationships depicted in the CAMIL
as well as further refine the model. Since the model is developed based on empirical research,
we expect and encourage researchers to empirically test the assumptions and predictions made
by the model, and to include other relevant variables. We also encourage researchers to
investigate the role of external factors on the different variables and relationships in the model.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article's
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article's Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References
Alavi, M., & Leidner, D. E. (2001). Research commentary: Technology-mediated learning - a call for greater
depth and breadth of research. Information Systems Research, 12(1), 1–10. https://doi.org/10.1287/isre.12.1.
1.9720.
Anderson, L. W., Krathwohl, D. R., Airasian, P., Cruikshank, K., Mayer, R., Pintrich, P., & Wittrock, M. (2001).
A taxonomy for learning, teaching and assessing: A revision of Bloom’s taxonomy. Longman Publishing.
Bandura, A. (1977). Self-efficacy: Toward a unifying theory of behavioral change. Psychological Review, 84(2),
191–215. https://doi.org/10.1037/0033-295x.84.2.191.
Biocca, & Frank. (1997). The cyborg’s dilemma: Progressive embodiment in virtual environments. Journal of
Computer-Mediated Communication.

Educational Psychology Review
Boyd, J., Barnett, S. W., Bodrova, E., Leong, D. J., & Gomby, D. (2005). Promoting children’s social and
emotional development through preschool education. In National Institute for Early Education Research
Preschool Policy Brief. New Brunswick, NJ: Rutgers.
Broaders, S. C., Cook, S. W., Mitchell, Z., & Goldin-Meadow, S. (2007). Making children gesture brings out
implicit knowledge and leads to learning. Journal of Experimental Psychology: General, 136(4), 539–550.
https://doi.org/10.1037/0096-3445.136.4.539.
Buttussi, F., & Chittaro, L. (2018). Effects of different types of virtual reality display on presence and learning in
a safety training scenario. IEEE Transactions on Visualization and Computer Graphics, 24(2), 1063–1076.
https://doi.org/10.1109/TVCG.2017.2653117.
Chandler, P. (2009). Dynamic visualisations and hypermedia: Beyond the "Wow" factor. Computers in Human
Behavior, 25(2), 389–392. https://doi.org/10.1016/j.chb.2008.12.018.
Clark, R. E. (1983). Reconsidering research on learning from media. Review of Educational Research, 53(4),
445–459.
Clark, R. E. (1994). Media will never influence learning. Educational Technology Research and Development,
42(2), 21–29 http://www.ucs.mun.ca/~bmann/0_ARTICLES/Media_Clark.html.
Clark, R. E., & Salomon, G. (1986). Media in teaching. In M. Wittrock (Ed.), Handbook of research on teaching
(3rd ed.). Macmillan). New York.
Cummings, J. J., & Bailenson, J. N. (2016). How immersive is enough? A meta-analysis of the effect of
immersive technology on user presence. Media Psychology, 19(2), 272–309. https://doi.org/10.1080/
15213269.2015.1015740.
Dalgarno, B., & Lee, M. J. W. (2010). What are the learning affordances of 3-D virtual environments? British
Journal of Educational Technology, 41(1), 10–32. https://doi.org/10.1111/j.1467-8535.2009.01038.x.
Deci, E. L., & Ryan, R. M. (2000). Self-determination theory and the facilitation of intrinsic motivation.
American Psychologist, 55(1), 68–78. https://doi.org/10.1037/0003-066X.55.1.68.
Deci, E. L., & Ryan, R. M. (2015). Self-determination theory. In J. D. Wright (Ed.), International Encyclopedia
of the Social & Behavioral Sciences (2nd ed., pp. 486–491). Elsevier.
Dev, P. C. (1997). Intrinsic motivation and academic achievement: What does their relationship imply for the
classroom teacher? Remedial and Special Education, 18(1), 12–19. https://doi.org/10.1177/
074193259701800104.
Eccles, J. S., & Wigfield, A. (2002). Motivational beliefs, values, and goals. Annual Review of Psychology, 53(1),
109–132. https://doi.org/10.1146/annurev.psych.53.100901.135153.
Farrer, C., Bouchereau, M., Jeannerod, M., & Franck, N. (2008). Effect of distorted visual feedback on the sense
of agency. Behavioural Neurology, 19(1–2), 53–57. https://doi.org/10.1155/2008/425267.
Fenn, J., & Blosch, M. (2020). Understanding Gartner’s Hype Cycles. Gartner. https://www.gartner.com/en/
documents/3887767
Fiorella, L., & Mayer, R. E. (2016). Eight ways to promote generative learning. Educational Psychology Review,
28(4), 717–741. https://doi.org/10.1007/s10648-015-9348-9.
Furtak, R. A. (2018). Emotional knowing: The role of embodied feelings in affective cognition. Philosophia,
46(3), 575–587. https://doi.org/10.1007/s11406-017-9936-7.
Gegenfurtner, A., Quesada‐Pallarès, C., & Knogler, M. (2014). Digital simulation‐based training: A meta‐
analysis. British Journal of Educational Technology, 45(6), 1097–1114.
Goldin-Meadow, S. (2011). Learning through gesture. Wiley Interdisciplinary Reviews: Cognitive Science, 2(6),
595–607. https://doi.org/10.1002/wcs.132.
Goldman Sachs. (2018). Profiles in innovation report. http://www.goldmansachs.com/our-thinking/pages/
technology-driving-innovation-folder/virtual-and-augmented-reality/report.pdf
Gonzalez-Franco, M., & Peck, T. C. (2018). Avatar embodiment. Towards a standardized questionnaire.
Frontiers Robotics AI, 5(JUN). https://doi.org/10.3389/frobt.2018.00074.
Harackiewicz, J. M., Smith, J. L., & Priniski, S. J. (2016). Interest matters: The importance of promoting interest
in education. Policy Insights From the Behavioral and Brain Sciences, 3(2), 220–227. https://doi.org/10.
1177/2372732216655542.
Hidi, S., & Renninger, K. A. (2006). The four-phase model of interest development. Educational Psychologist,
41(2), 111–127. https://doi.org/10.1207/s15326985ep4102_4.
Ijsselsteijn, W., & Riva, G. (2003). Being there: The experience of presence in mediated environments. In G.
Riva, F. Davide, & W. . Ijsselsteijn (Eds.), Being There: Concepts, effects and measurement of user presence
in synthetic environments (pp. 1–14). Ios Press.
ISO. (2018). Usability: Definitions and concepts. In Ergonomics of human-system interaction (pp. 1–29).
London: ISO.
Jang, S., Vitale, J. M., Jyung, R. W., & Black, J. B. (2017). Direct manipulation is better than passive viewing for
learning anatomy in a three-dimensional virtual reality environment. Computers and Education, 106, 150–
165. https://doi.org/10.1016/j.compedu.2016.12.009.

Educational Psychology Review
Jensen, L., & Konradsen, F. (2018). A review of the use of virtual reality head-mounted displays in education and
training. Education and Information Technologies, 23(4), 1515–1529. https://doi.org/10.1007/s10639-017-9676-0.
Johnson, C. I., & Priest, H. A. (2014). The feedback principle in multimedia learning. In R. E. Mayer (Ed.), The
Cambridge Handbook of Multimedia Learning (2nd ed., pp. 345–368). Cambridge University Press.
Johnson-Glenberg, M. C. (2019). The necessary nine: Design principles for embodied vr and active stem
education (pp. 83–112). https://doi.org/10.1007/978-981-13-8265-9_5.
Kalyuga, S. (2011). Cognitive load theory: How many types of load does it really need? Educational Psychology
Review, 23(1), 1–19.
Kilteni, K., Groten, R., & Slater, M. (2012). The sense of embodiment in virtual reality. Presence: Teleoperators
and Virtual Environments, 21(4), 373–387. https://doi.org/10.1162/PRES_a_00124.
Kilteni, K., Bergstrom, I., & Slater, M. (2013). Drumming in immersive virtual reality: The body shapes the way
we play. IEEE Transactions on Visualization and Computer Graphics, 19(4), 597–605. https://doi.org/10.
1109/TVCG.2013.29.
Klingenberg, S., Jørgensen, M., Dandanell, G., Skriver, K., Mottelson, A., & Makransky, G. (2020).
Investigating the effect of teaching as a general learning strategy when learning through desktop and
immersive VR: A media and methods experiment. British Journal of Educational Technology.
Knogler, M., Harackiewicz, J. M., Gegenfurtner, A., & Lewalter, D. (2015). How situational is situational
interest? Investigating the longitudinal structure of situational interest. Contemporary Educational
Psychology, 43, 39–50. https://doi.org/10.1016/j.cedpsych.2015.08.004.
Kozma, R. B. (1994). Will media influence learning? Reframing the debate. Educational Technology Research
and Development, 42(2), 7–19. https://doi.org/10.1007/BF02299087.
Krapp, A. (1999). Interest, motivation and learning: An educational-psychological perspective. European
Journal of Psychology of Education, 14(1), 23–40. https://doi.org/10.1007/BF03173109.
Lee, K. M. (2004). Presence, explicated. Communication Theory, 14(1), 27–50 http://wiki.commres.org/pds/
Project_7eNrf2010_2f_ec_82_ac_ed_9a_8c_ed_95_99_ec_a0_81_ec_a0_91_ea_b7_bc/Presence.pdf.
Lee, E. A.-L., Wong, K. W., & Fung, C. C. (2010). How does desktop virtual reality enhance learning outcomes?
A structural equation modeling approach. Computers and Education, 55(4), 1424–1442. https://doi.org/10.
1016/j.compedu.2010.06.006.
Li, P., Legault, J., Klippel, A., & Zhao, J. (2020). Virtual reality for student learning: Understanding individual
differences. Human Behaviour and Brain, 1(1), 28–36. https://doi.org/10.37716/HBAB.2020010105.
Longo, M. R., Schüür, F., Kammers, M. P. M., Tsakiris, M., & Haggard, P. (2008). What is embodiment? A
psychometric approach. Cognition, 107(3), 978–998. https://doi.org/10.1016/j.cognition.2007.12.004.
Loomis, J. M., Blascovich, J. J., & Beall, A. C. (1999). Immersive virtual environment technology as a basic
research tool in psychology. Behavior Research Methods, Instruments, and Computers, 31(4), 557–564.
https://doi.org/10.3758/BF03200735.
Makransky, G. (in press). The immersion principle in multimedia learning. In R. E. Mayer & L. Fiorella (Eds.),
The Cambridge handbook of multimedia learning (3rd ed). New York: Cambdridge University Press.
Makransky, G., & Lilleholt, L. (2018). A structural equation modeling investigation of the emotional value of
immersive virtual reality in education. Educational Technology Research and Development, 2010(5), 1–24.
https://doi.org/10.1007/s11423-018-9581-2.
Makransky, G., & Petersen, G. B. (2019). Investigating the process of learning with desktop virtual reality: A
structural equation modeling approach. Computers & Education, 134, 15–30. https://doi.org/10.1016/j.
compedu.2019.02.002.
Makransky, G., Lilleholt, L., & Aaby, A. (2017). Development and validation of the multimodal presence scale
for virtual reality environments: A confirmatory factor analysis and item response theory approach.
Computers in Human Behavior, 72, 276–285. https://doi.org/10.1016/j.chb.2017.02.066.
Makransky, G., Borre-Gude, S., & Mayer, R. E. (2019a). Motivational and cognitive benefits of training in
immersive virtual reality based on multiple assessments. Journal of Computer Assisted Learning., 35(6),
691–707.
Makransky, G., Terkildsen, T. S., & Mayer, R. E. (2019b). Adding immersive virtual reality to a science lab
simulation causes more presence but less learning. Learning and Instruction, 60(November 2017), 225–236.
https://doi.org/10.1016/j.learninstruc.2017.12.007.
Makransky, G., Wismer, P., & Mayer, R. E. (2019c). A gender matching effect in learning with pedagogical
agents in an immersive virtual reality science simulation. Journal of Computer Assisted Learning., 35(3),
349–358. https://doi.org/10.1111/jcal.12335.
Makransky, G., Andreasen, N. K., Baceviciute, S., & Mayer, R. E. (2020a). Immersive virtual reality increases
liking but not learning with a science simulation and generative learning strategies promote learning in
immersive virtual reality. Journal of Educational Psychology. https://doi.org/10.1037/edu0000473.

Educational Psychology Review
Makransky, G., Mayer, R., Nøremølle, A., Cordoba, A. L., Wandall, J., & Bonde, M. (2020b). Investigating the
feasibility of using assessment and explanatory feedback in desktop virtual reality simulations. Educational
Technology Research and Development, 68(1), 293–317.
Makransky, G., Petersen, G. B., & Klingenberg, S. (2020c). Can an immersive virtual reality simulation increase
students’ interest and career aspirations in science? British Journal of Educational Technology., 51(6),
2079–2097. https://doi.org/10.1111/bjet.12954.
Mayer, R. E. (2014a). Principles based on social cues in multimedia learning: Personalization, voice, image, and
embodiment principles. In R. E. Mayer (Ed.), The Cambridge Handbook of Multimedia Learning (2nd ed.,
pp. 345–368). Cambridge: Cambridge University Press.
Mayer, R. E. (2014b). The Cambridge handbook of multimedia learning, second edition. In The Cambridge
Handbook of Multimedia Learning, Second Edition (Vol. 1, Issue 3). https://doi.org/10.1017/
CBO9781139547369.
Mayer, R. E., & Fiorella, L. (2014). Principles for reducing extraneous processing in multimedia learning: Coherence,
signaling, redundancy, spatial contiguity, and temporal contiguity principles. In R. E. Mayer (Ed.), The
Cambridge Handbook of Multimedia Learning (pp. 279–315). Cambridge: Cambridge University Press.
Mayer, R. E., & Pilegard, C. (2014). Principles for managing essential processing in multimedia learning:
Segmenting, pre-training, and modality principles. In R. E. Mayer (Ed.), The Cambridge Handbook of
Multimedia Learning (second, pp. 316–344). Cambridge: Cambridge University Press.
McLuhan, M. (1964). Understanding media: The extensions of man. New York: McGraw-HIll.
Meyer, O. A., Omdahl, M. K., & Makransky, G. (2019). Investigating the effect of pre-training when learning
through immersive virtual reality and video: A media and methods experiment. Computers & Education,
103603, 103603. https://doi.org/10.1016/J.COMPEDU.2019.103603.
Mikropoulos, T. A., & Natsis, A. (2011). Educational virtual environments: A ten-year review of empirical
research (1999–2009). Computers & Education, 56(3), 769–780. https://doi.org/10.1016/j.compedu.2010.
10.020.
Moore, J. W., & Fletcher, P. C. (2012). Sense of agency in health and disease: A review of cue integration
approaches. Consciousness and Cognition, 21(1), 59–68. https://doi.org/10.1016/j.concog.2011.08.010.
Moreno, R., & Mayer, R. E. (2002). Learning science in virtual reality multimedia environments: Role of
methods and media. Journal of Educational Psychology, 94(3), 598–610. https://doi.org/10.1037/00220663.94.3.598.
Moreno, R., & Mayer, R. (2007). Interactive multimodal learning environments. Educational Psychology
Review, 19(3), 309–326.
Munafo, J., Diedrick, M., & Stoffregen, T. A. (2017). The virtual reality head-mounted display oculus rift
induces motion sickness and is sexist in its effects. Experimental Brain Research, 235(3), 889–901. https://
doi.org/10.1007/s00221-016-4846-7.
Oberhauser, M., & Dreyer, D. (2017). A virtual reality flight simulator for human factors engineering. Cognition,
Technology & Work, 19(2–3), 263–277.
Olmos-Raya, E., Ferreira-Cavalcanti, J., Contero, M., Castellanos, M. C., Giglioli, I. A. C., & Alcañiz, M.
(2018). Mobile virtual reality as an educational platform: A pilot study on the impact of immersion and
positive emotion induction in the learning process. Eurasia Journal of Mathematics, Science and
Technology Education, 14(6), 2045–2057. https://doi.org/10.29333/ejmste/85874.
Pajares, F. (1996). Self-efficacy beliefs in academic settings. Review of Educational Research, 66(4), 543–578.
https://doi.org/10.3102/00346543066004543.
Parong, J., & Mayer, R. E. (2018). Learning science in immersive virtual reality. Journal of Educational
Psychology, 110(6), 785–797. https://doi.org/10.1037/edu0000241.
Parong, J., & Mayer, R. E. (2020). Cognitive and affective processes for learning science in immersive virtual
reality. Journal of Computer Assisted Learning.
Pekrun, R. (2006). The control-value theory of achievement emotions: Assumptions, corollaries, and implications for educational research and practice. Educational Psychology Review, 18(4), 315–341.
Perkins, D. N., & Salomon, G. (1992). Transfer of learning. In T. Husén & T. N. Postlethwaite (Eds.),
International encyclopedia of education (2nd ed., pp. 1–13). Oxford: Pergamon Press.
Petersen, G. B., Klingenberg, S., Mayer, R. E., & Makransky, G. (2020). The virtual field trip: Investigating how
to optimize immersive virtual learning in climate change education. British Journal of Educational
Technology., 51(6), 2098–2114. https://doi.org/10.1111/bjet.12991.
Piccoli, G., Ahmad, R., & Ives, B. (2001). Web-based virtual learning environments: A research framework and
a preliminary assessment of effectiveness in basic it skills training. MIS Quarterly: Management Information
Systems, 25(4), 401–426. https://doi.org/10.2307/3250989.
Prawat, R. S. (1989). Promoting access to knowledge, strategy , and disposition in students: A research
synthesis., 59(1), 1–41.

Educational Psychology Review
Radianti, J., Majchrzak, T. A., Fromm, J., & Wohlgenannt, I. (2020). A systematic review of immersive virtual
reality applications for higher education: Design elements, lessons learned, and research agenda. Computers
and Education, 147. https://doi.org/10.1016/j.compedu.2019.103778.
Renninger, K. A., Bachrach, J. E., & Posey, S. K. E. (2008). Learner interest and achievement motivation. In M.
L. Maehr, S. A. Karabenick, & T. C. Urdan (Eds.), Advances In Motivation And Achievement Volume 15:
Social Psychological Perspectives (pp. 461–491). Bingley: Emerald Group Publishing. https://doi.org/10.
1016/s0749-7423(08)15014-2.
Richardson, M., Abraham, C., & Bond, R. (2012). Psychological correlates of university students' academic
performance: A systematic review and meta-analysis. Psychological Bulletin, 138(2), 353–387. https://doi.
org/10.1037/a0026838.
Salomon, G. (1979). Interaction of media, cognition, and learning. In Interaction of Media, Cognition, and
Learning. Jossey Bass. https://doi.org/10.4324/9780203052945.
Salzman, M. C., Dede, C., Loftin, R. B., & Chen, J. (1999). A model for understanding how virtual reality aids
complex conceptual learning. Presence: Teleoperators and Virtual Environments, 8(3), 293–316. https://doi.
org/10.1162/105474699566242.
Sankaranarayanan, G., Wooley, L., Hogg, D., Dorozhkin, D., Olasky, J., Chauhan, S., Fleshman, J. W., De, S.,
Scott, D., & Jones, D. B. (2018). Immersive virtual reality-based training improves response in a simulated
operating room fire scenario. Surgical Endoscopy, 32(8), 3439–3449. https://doi.org/10.1007/s00464-0186063-x.
Schraw, G., Flowerday, T., & Lehman, S. (2001). Increasing situational interest in the classroom. Educational
Psychology Review, 13(3), 211–224. https://doi.org/10.1023/A:1016619705184.
Schunk, D. H., & DiBenedetto, M. K. (2016). Self-efficacy theory in education. In K. R. Wentzel & D. B. Miele
(Eds.), Handbook of motivation at school (pp. 34–54). New York, NY: Routledge.
Scott, C. L. (2015). The futures of learning 3: What kind of pedagogies for the 21st century? Education Research
and Foresight, 1–21.
Sheridan, T. B. (1992). Musings on Telepresence and virtual presence. Presence: Teleoperators and Virtual
Environments, 1(1), 120–126. https://doi.org/10.1162/pres.1992.1.1.120.
Sitzmann, T., & Ely, K. (2011). A meta-analysis of self-regulated learning in work-related training and
educational attainment: What we know and where we need to go. Psychological Bulletin, 137(3), 421–
442. https://doi.org/10.1037/a0022777.
Skinner, E. A. (1996). A guide to constructs of control. Journal of Personality and Social Psychology, 71(3),
549–570. https://doi.org/10.1037/0022-3514.71.3.549.
Stolz, S. A. (2015). Embodied learning. Educational Philosophy and Theory, 47(5), 474–487. https://doi.org/10.
1080/00131857.2013.879694.
Suh, A., & Prophet, J. (2018). The state of immersive technology research: A literature analysis. Computers in
Human Behavior, 86, 77–90. https://doi.org/10.1016/j.chb.2018.04.019.
Sweller, J. (2010). Element interactivity and intrinsic, extraneous, and germane cognitive load. Educational
Psychology Review, 22(2), 123–138.
Sweller, J., Ayres, P., & Kalyuga, S. (2011). Cognitive load theory. Springer.
Van Der Heijden, H. (2004). User acceptance of hedonic information systems. MIS Quarterly: Management
Information Systems, 28(4), 695–704. https://doi.org/10.2307/25148660.
Van Merriënboer, J. J. G., & Sweller, J. (2005). Cognitive load theory and complex learning: Recent developments and future directions. Educational Psychology Review, 17(2), 147–177. https://doi.org/10.1007/
s10648-005-3951-0.
Venkatesh, V., & Davis, F. D. (2000). Theoretical extension of the technology acceptance model: Four
longitudinal field studies. Management Science, 46(2), 186–204. https://doi.org/10.1287/mnsc.46.2.186.
11926.
Villena Taranilla, R., Cózar-Gutiérrez, R., González-Calero, J. A., & López Cirugeda, I. (2019). Strolling through
a city of the Roman Empire: an analysis of the potential of virtual reality to teach history in Primary
Education. Interactive Learning Environments., 1–11. https://doi.org/10.1080/10494820.2019.1674886.
Wan, Z., Fang, Y., & Neufeld, D. (2007). The role of information technology in technology-mediated learning: A
review of the past for the future. Journal of Information Systems Education, 18(2), 183–192.
Watjatrakul, B. (2016). Online learning adoption: Effects of neuroticism, openness to experience, and perceived
values. Interactive Technology and Smart Education, 13(3), 229–243. https://doi.org/10.1108/ITSE-062016-0017.
Webster, R. (2016). Declarative knowledge acquisition in immersive virtual learning environments. Interactive
Learning Environments, 24(6), 1319–1333. https://doi.org/10.1080/10494820.2014.994533.
Wilson, M. (2002). Six views of embodied cognition. Psychonomic Bulletin and Review, 9(4), 625–636. https://
doi.org/10.3758/BF03196322.

Educational Psychology Review
Wirth, W., Hartmann, T., Böcking, S., Vorderer, P., Klimmt, C., Schramm, H., Saari, T., Laarni, J., Ravaja, N.,
Gouveia, F. R., Biocca, F., Sacau, A., Jäncke, L., Baumgartner, T., & Jäncke, P. (2007). A process model of
the formation of spatial presence experiences. Media Psychology, 9(3), 493–525. https://doi.org/10.1080/
15213260701283079.
Witmer, B. G., & Singer, M. J. (1998). Measuring presence in virtual environments: A presence questionnaire.
Presence: Teleoperators and Virtual Environments, 7(3), 225–240. https://doi.org/10.1162/
105474698565686.
Wittrock, M. C. (1974). A generative model of mathematics learning. Journal for Research in Mathematics
Education, 5(4), 181. https://doi.org/10.2307/748845.
Wittrock, M. C. (1989). Generative processes of comprehension. Educational Psychologist, 24(4), 345–376.
https://doi.org/10.1207/s15326985ep2404_2.
Wu, B., Yu, X., & Gu, X. (2020). Effectiveness of immersive virtual reality using head-mounted displays on
learning performance: A meta-analysis. British Journal of Educational Technology., 51(6), 1991–2005.
https://doi.org/10.1111/bjet.13023.
Xin, B., Chen, G., Wang, Y., Bai, G., Gao, X., Chu, J., Xiao, J., & Liu, T. (2019). The efficacy of immersive
virtual reality surgical simulator training for pedicle screw placement: A randomized double-blind controlled
trial. World Neurosurgery, 124, 324–330. https://doi.org/10.1016/j.wneu.2018.12.090.
Zimmerman, B. J. (2013). Theories of self-regulated learning and academic achievement: An overview and
analysis. In Self-regulated learning and academic achievement (p. 0-45). Abingdon: Routledge.
Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

