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Abstract

The need to virtually collaborate across distributed locations has drastically
increased. Developments such as the COVID-19 pandemic and new IT platforms
like the metaverse have spurred a host of new immersive social applications that are
accessed through head-mounted displays. This is expected to stimulate a surge in
research on extended reality—supported collaborative learning (XRCL) which refers
to distributed collaboration situations where immersive technology such as head-
mounted displays are used as a medium for collaborative learning. The primary aim
of this article is to critically examine the potential pedagogical benefits and lim-
itations of using XRCL with the objective of developing a theoretical framework
that describes the fundamental factors that make immersive collaborative learning
unique: the theory of immersive collaborative learning (TICOL). In TICOL, we
propose that technological features, social affordances, and pedagogical techniques
can foster four psychological factors that we define as fundamentally different in
XRCL compared to collaboration that occurs through traditional systems (e.g., lap-
tops): social presence, physical presence, body ownership, and agency. These are
central factors that we hypothesize can transform the processes and contexts of col-
laboration through their influence on the quality of cognitive and socio-emotional
social interaction, the social space, and ultimately learning outcomes. Since XRCL
research is in its infancy, we hope that TICOL can provide a theoretical basis for
developing the field by motivating researchers to empirically challenge and build on
our hypotheses and ultimately develop a deeper understanding of if and how immer-
sive media influences collaborative learning.
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Introduction

Take a minute to stop what you are doing, and have a look around your environ-
ment. If you are in the presence of others, be that in a café, your living room, an
office, in public transportation, or a park, there is a high probability that there
are people around you looking into a device. Our lives have rapidly evolved over
the last decade, and technology has infiltrated how we communicate, play, obtain
information, and learn. In the next decade, new communication platforms like the
metaverse (which is predicted to be the next iteration of the Internet; Mystakidis,
2022) are expected to stimulate a shift in communication, moving from infor-
mation-based communication accessed through 2D screens to experience-based
communication accessed through head-mounted displays (HMDs: Plechat et al.,
2022, b). The timing of these developments matches a need to increase the quality
of distributed collaboration in a globalized world where there is increased focus
on factors such as unnecessary travel (Gossling et al., 2019). This need was accel-
erated during the COVID-19 pandemic when people relied on technology to con-
nect and solve social, educational, and organizational challenges (Almeida et al.,
2020; Bygstad et al., 2022; European Commission, 2020). Limitations to using
standard media for distributed collaboration during the COVID-19 pandemic
(e.g., Bailenson, 2021) have spurred a host of new extended reality (XR) social
applications (e.g., VRChat, Mozzila Hubs, Horizon Worlds, Spatial, Engage VR).
The implication of these developments is that when we look around our environ-
ment in 10 years, people may still be using a device, but rather than reading or
passively watching a video on a 2D screen, they may be using XR where they
are embodied as an avatar of their choice, actively engaging with other avatars
in virtual worlds that feel real but are too expensive, dangerous, or impossible to
experience in the physical world.

This possibility is both intriguing and daunting for fields like education
wherein existing methods have long been criticized for not adapting to the oppor-
tunities and challenges of the twenty-first century (Scott, 2015). Research is
therefore needed to harness the possibilities and understand the limitations of
these technologies on human cognitive processing, communication, and learning.
Reviews have specifically highlighted the need for theories and best practices to
guide research and application development in the field of immersive learning
(e.g., Jensen & Konradsen, 2018; Radianti et al., 2020). With an expected surge of
XR-supported collaborative learning (XRCL) content, it is important to develop
empirical and theoretical knowledge that builds on the vast body of research on
collaborative learning. The primary aim of this article is to critically examine
the potential pedagogical benefits and limitations of using XRCL environments
with the objective of developing a theoretical framework that describes the fun-
damental factors that make immersive collaborative learning unique. To this aim,
we present the theory of immersive collaborative learning (TICOL), which pro-
vides an overview of the fundamental factors that are distinctive for collaborative
learning in immersive virtual environments (see Fig. 1). The aim of TICOL is to
build on the literature from computer-supported collaborative learning (CSCL)
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Fig. 1 An illustration of the theory of immersive collaborative learning (TICOL), including its central
variables and the proposed relations between them

and immersive learning and develop a theoretical model that describes how the
fundamental psychological factors of immersive media can facilitate collabora-
tive learning. By fundamental psychological factors, we mean factors that result
from using immersive technology, are considerably stronger than those with less
immersive technology such as computers or mobile devices, and ultimately influ-
ence learning. We hope that this framework can guide a range of future lines of
research and applications that can empirically test and further investigate the ben-
efits and boundary conditions of using XRCL.

In TICOL, we highlight four psychological factors associated with XRCL that
make collaborative learning fundamentally different compared to collaboration that
occurs through traditional systems (e.g., laptops): social presence, physical pres-
ence, body ownership, and agency. Furthermore, we hypothesize that technologi-
cal features, social affordances, and pedagogical techniques can foster these four
psychological factors. Finally, we propose specific hypotheses about how each of
these factors can influence different learning outcomes through their influence on
the quality of cognitive and socio-emotional social interaction, the social space, and
ultimately learning outcomes as illustrated in Fig. 1.

Defining Immersive Learning Environments

Extended reality (XR) is an umbrella term encapsulating augmented reality (AR),
virtual reality (VR), and other technologies that enable an extension of reality. These
technologies differ in how much of the outside world is included in the virtual expe-
rience. Immersion refers to the sensory fidelity offered by the system while shut-
ting out the physical world (Bowman & McMahan, 2007; Cummings & Bailenson,
2016). Slater (2009) describes immersive systems in terms of the sensorimotor
contingencies they support. Sensorimotor contingencies refer to actions that we are
already familiar with in our interactions, such as turning our heads to change our
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gaze direction (Slater, 2009). Based on this definition, an immersive VR system
using an HMD is located on the far end of the immersive spectrum (see right part of
Fig. 2), providing a vivid, multi-sensory experience through visual, auditory, kines-
thetic, and tactile displays (Slater, 2009).

Figure 2 illustrates how simulations accessed through a desktop computer or tab-
let are considered to provide low immersion because they have a limited field of
view, and the user can see the physical world, whereas simulations accessed through
HMDs are regarded as providing high immersion (Di Natale et al., 2020), because
this equipment partially or completely shuts out the physical world, psychologically
isolating the user in the virtual environment (Loomis et al., 1999). Augmented real-
ity (AR) and augmented virtuality are located in the middle of Fig. 2, represent-
ing mixed reality applications which combine elements from the virtual and physi-
cal world and differ based on the extent to which the physical or virtual world is
dominant in the field of view. AR applications (where virtual objects are overlaid
in a real-world environment) are typically accessed through a 2D interface such as
a phone or tablet and are considered to have lower immersion because the physical
world dominates the field of view. Augmented virtuality applications are considered
highly immersive because the virtual world dominates the field of view while simul-
taneously enabling elements from the real world such as a computer, mouse, and
keyboard into the virtual experience.

TICOL focuses on describing the potential benefits and limitations of collabo-
rating in immersive environments mediated by HMDs, and we refer to such col-
laborative learning experiences as extended reality—supported collaborative learning
(XRCL). XRCL also encompasses modern HMDs that enable an immersive envi-
ronment where users can integrate their computer, mouse, and keyboard into the
virtual experience. Hence, we use the term XR rather than VR. The popularity of
these systems is expected to surge in the near future as they provide the practicality
of integrating elements from the real world while simultaneously allowing users to
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Fig.2 An immersion continuum ranging from low immersion systems such as desktop computers to high
immersion systems such as head-mounted displays
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manipulate who they are in terms of physical appearance, where they are in terms of
virtual location, and what they can do in a highly immersive environment.

Defining Extended Reality-Supported Collaborative Learning (XRCL)

Collaborative learning is defined as “a situation in which two or more people learn
or attempt to learn something together” (Dillenbourg, 1999, p. 1). Computer-sup-
ported collaborative learning (CSCL) investigates how information and communica-
tion technologies can facilitate group learning processes, knowledge sharing, and
co-construction (Karel Kreijns et al., 2003; Resta & Laferriere, 2007; Stahl et al.,
2006). A meta-analysis of research on CSCL by Chen et al. (2018) found that col-
laboration has a significant positive effect on knowledge gain, skill acquisition, and
student perceptions and that computer use leads to positive effects on knowledge
gain, skill acquisition, student perceptions, group task performance, and social inter-
action in collaborative learning contexts.

The literature on CSCL differentiates between collaborative learning with com-
puters and through computers (Jeong & Hmelo-Silver, 2016). Collaboration with
computers refers to collaboration in face-to-face settings around computers where
computers become the focus of interaction. In another meta-analysis of CSCL in
science, technology, engineering, and mathematics (STEM) education, Jeong et al.
(2019) found a moderate but notable effect size advantage when using CSCL. In
an analysis of the technology that was most effective, they found that simulations
produced the greatest effects. In this context, simulations are usually used to help
groups in face-to-face collaborative settings (Jeong et al., 2019), where learners use
simulations to construct and test models like an understanding of electrical wiring
(Liu & Su, 2011) or probability (Giirbiiz & Birgin, 2012).

Immersive technology accessed through HMDs has also been used to create
experiences that can facilitate discussions in face-to-face collaboration. For instance,
Makransky and Mayer (2022) found that an immersive virtual field trip to Green-
land was more effective than a video field trip when it was used in the exploration
phase of a collaborative inquiry-based learning intervention. Similarly, Klingenberg
et al. (2020) found that an immersive simulation led to significantly more learning
than the same simulation presented through a desktop computer when it was fol-
lowed by the collaborative activity of peer teaching. These examples revolve around
face-to-face collaboration where students take on similar rules, roles, and tasks as in
traditional CSCL with desktop computers but where simulations are used to elicit
increased interest and engagement thereby facilitating a desired interaction among
learners (Makransky & Petersen, 2021; Zurita & Nussbaum, 2004).

XRCL is not only useful as a means of supporting face-to-face interactions. In
contrast, we argue below that immersive media has specific psychological factors
that make collaboration through immersive media fundamentally different from tra-
ditional CSCL media such as desktop computers and mobile devices.

Collaboration through computers refers to distributed collaboration situations in
which computers are used as a medium for social interaction (Jeong & Hmelo-Sil-
ver, 2016, p. 249). Similarly, TICOL deals with distributed collaboration situations
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where XR technology (accessed through HMDs) is used as a medium for two or
more people to interact via avatars, with the objective of learning (i.e., XRCL). We
argue below that immersive media has unique characteristics and operationalize four
factors that make immersive collaboration fundamentally different from collabora-
tion via traditional media such as desktop computers and mobile devices. Further-
more, we argue that an understanding of these differences is important for optimiz-
ing XRCL and hypothesize how these four factors can influence learning outcomes.

Existing Research Related to XRCL

In general, the field of XRCL is still in its infancy. Han et al. (2022) recently
reviewed the literature on collaborative virtual environments using HMDs or in
some cases stereoscopic projection systems. They identified a total of 37 studies
where at least 10 groups of people had been networked in VR and only a subset of
those dealt specifically with learning. The main focus of these studies was the char-
acteristics of the interaction between the participants such as presence, trust, body
ownership, task performance, collaboration, or behaviour. An earlier meta-analysis
performed by Zheng et al. (2018) examined ten articles that evaluated the effect of
a collaborative learning prototype on student performance in comparison to a non-
immersive-based approach. Although the mean effect size advantage of 0.41 for
XRCL (labelled VRCL in their article) was encouraging, the authors did not provide
an overview of the included articles or information about sample sizes or the quality
of the methods.

The aforementioned work of Han et al. (2022) investigated collaborative learning
during a higher education 10-week-long online course where 81 students met eight
times using networked VR. The results showed that all measures including self-pres-
ence, social presence, physical presence, enjoyment, entitativity (degree to which a
collection of people is perceived as a single, unified entity; Campbell, 1958), and
realism (perceived photorealism of the VR environment and people) increased over
time, suggesting that the advantages of XRCL may increase as participants adapt to
the medium and are no longer affected by the novelty of the technology (Han et al.,
2022).

Other studies have found that perceived presence and co-presence in a collabo-
rative setting turned out to be higher in XRCL than in computer-based collabora-
tions (Bayro et al., 2022; Sun et al., 2022). Many studies have investigated avatar
appearance as a main driver for the experience of social presence during XRCL.
Studies have found that behavioural realism (Herrera et al., 2018), locomotion,
and continuous movements influence physical presence and social presence more
than the style or look of the avatar (i.e., whether it is stylized, has a full body, etc.;
Freiwald et al., 2021). In addition, research shows that when inferring the emo-
tional state of a collaborator, participants prefer to focus on the voice instead of
the properties of the avatar (Khojasteh & Won, 2021). Yoon et al. (2019) empha-
sized the context of collaboration as being more influential on social presence
than avatar specifics (i.e., whether it is embodied, customized, etc.). A survey
study by van Brakel et al. (2023) among anonymous social VR users concluded
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that social presence and self-presence were predictors of perceived social support
and that this perception was positively associated with users’ well-being. The
authors conclude that the affordances of social VR make it a particularly well-
suited medium for facilitating beneficial interactions among users.

Sedlak et al. (2022) studied the effects of learning geography collaboratively in
immersive VR and found that the collaborative learning group experienced sig-
nificantly higher use of cognitive resources than the individual learning group.
Akselrad et al. (2023) studied instances of miscommunication in social VR and
found that technological failures such as “body crumple” (i.e., contorted virtual
bodies), sound intrusion (i.e., unintended audio entering the microphone), and
embodiment violations (i.e., getting “tangled up” in another’s virtual body) inhib-
ited effective communication. This highlights the importance of studying not only
how XRCL can enhance collaborative learning but also how technological issues
can inhibit collaborative learning.

Given the dearth of literature related to XRCL, TICOL also builds on a vast
amount of research from the fields of CSCL and immersive learning. Meta-anal-
yses have found a small effect size advantage for immersive lessons compared to
less immersive technology (Coban et al., 2022; Wu et al., 2020). However, using
XR without considering instructional design (Makransky et al., 2021; Makransky
& Mayer, 2022), the affordances of the technology (Petersen et al., 2022), and the
desired outcomes (Makransky, Borre-Gude, & Mayer, 2019) can lead to distrac-
tion and less learning (Makransky et al., 2021; Makransky, Terkildsen, & Mayer,
2019; Parong & Mayer, 2018) compared to traditional means of instruction. Simi-
larly, in their meta-analysis, Jeong et al. (2019) found that CSCL outcomes were
moderated by the educational level of learners, domains of learning, technology,
and the pedagogy in which the technology was embedded. The key takeaway is
that simply putting learners in an immersive environment will not lead to better
learning and simply placing learners in a group and assigning them a task does
not ensure that they will work together (Hughes & Hewson, 1998), coordinate
their activities (Erkens et al., 2006), engage in effective collaboration (Hallett &
Cummings, 1997), participate in beneficial discussions (Weinberger & Fischer,
2006), or learn more (Kirschner & Erkens, 2013, p. 1).

Each time a new medium enters the educational sphere, it generates over-
expectations with respect to its intrinsic effects on learning (Clark, 1994; Dil-
lenbourg et al., 2009). There is abundant evidence that the richness of a medium
alone does not predict its effectiveness (Dillenbourg et al., 2009). Within the
field of immersive learning, there is also evidence that immersive environments
can increase presence and that this does not necessarily lead to more learning
(Makransky et al., 2021; Makransky, Terkildsen, & Mayer, 2019; Parong &
Mayer, 2018). The consequence is not only that exaggerated claims about the
learning benefits of new media generate unfounded expectations, but also that
they lead to the neglect of technological benefits (Dillenbourg et al., 2009).
Therefore, our goal is to identify the specific psychological factors that are rel-
evant to learning with immersive technology and use existing research to develop
hypotheses about how they can influence collaborative learning.
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The Building Blocks of TICOL

In addition to the literature on XRCL presented above, TICOL draws on CSCL lit-
erature, including Kreijns et al. (2013) social aspects of CSCL research framework
and collaborative cognitive load theory (Kirschner et al., 2018). TICOL also builds
on theories and principles of individual immersive learning, including the immer-
sion principle in multimedia learning (Makransky & Mayer, 2022) and the cogni-
tive-affective model of immersive learning (CAMIL; Makransky & Petersen, 2021),
which describe the distinctive characteristics of learning in immersive environments.
Below, we present TICOL and start by providing a description of what makes col-
laborative learning through immersive media fundamentally different from collabo-
ration through traditional media. We then use existing research to describe the cen-
tral factors and hypothesized relations between these factors.

The Theory of Inmersive Collaborative Learning

Why Collaboration Through XR is Fundamentally Different from Collaboration
Through Computers?

TICOL identifies four fundamental psychological factors that are central to XRCL:
social presence, physical presence, body ownership, and agency. These four factors
are identified as the main psychological factors in TICOL because they have theo-
retical and empirical value with regard to collaborative learning and are experienced
more strongly in XR compared to less immersive media (Johnson-Glenberg, 2019;
Makransky & Petersen, 2021). For instance, CAMIL (Makransky & Petersen, 2021)
highlights presence and agency as the fundamental affordances of using immersive
technology in learning. The immersion principle in multimedia learning describes
how people learn better with immersive media than with standard media when
immersive lessons are designed according to instructional design principles and the
affordances of the technology, which include physical and social presence (Makran-
sky, 2022; Makransky & Mayer, 2022). The sense of embodiment (sensation that
arises in conjunction with being inside, having, and controlling a virtual body) has
also been described as an important psychological factor for learning with immer-
sive VR in a number of models and frameworks (e.g., Dincelli & Yayla, 2022; Shin,
2017; Slater, 2017). This construct consists of three dimensions, including body
ownership (“this is my body”), agency (“it is me who is acting”), and self-location
(“it is me who is here”; Kilteni et al., 2012; Mottelson et al., 2023), with the first
two being expected to play a significant role in XRCL. In summary, social pres-
ence, physical presence, body ownership, and agency have been identified as cen-
tral factors that differentiate learning in immersive environments from learning in
less immersive environments in previous empirical research and theoretical models.
There is a vast foundation of research about the operationalization and measurement
of each of these factors which goes beyond the scope of the current article. Below,
we will summarize a selection of this research and describe how each factor can
influence XRCL.
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Social Presence

Social presence has played an important role in CSCL and online learning as well
as immersive technology research, which has led to a number of different definitions
and conceptualizations of the construct. Kreijns et al. (2022) recently reformulated
the original Short et al.’s (1976) definition of social presence as “the psychologi-
cal phenomenon in which, to a certain extent, the others are perceived as physical
“real” persons in technology-mediated communication enabled by computer-medi-
ated communication tools and electronic platforms” (Kreijns et al., 2022, p. 156).
As demonstrated by a recent review, experiences of social presence are commonly
solicited by means of self-report measures (Oh et al., 2018). XRCL systems allow
researchers to collect objective data, such as proxemics and mutual gaze, which are
not measures of social presence but rather social responses that can happen as a
function of social presence (Lee, 2004). A high level of social presence leads to
behaviour that could be expected from similar situations in reality. For instance,
people experiencing a high level of presence would maintain a farther distance
from someone they did not know, or if someone were communicating a message,
basic human rules of communication would prompt us to listen actively (Mayer,
2014). What is unique about immersive technology is that it affords a significantly
higher level of social presence compared to less immersive media (Oh et al., 2018)
while simultaneously allowing users to manipulate their physical appearance. For
instance, imagine collaborating with someone who, in the blink of an eye, can shift
their appearance from embodying an elderly Caucasian female avatar to a young
Asian male avatar. The fact that a collaborator can instantaneously change who they
are in terms of their physical characteristics in a learning setting where the social
interaction is perceived as real fundamentally challenges the central assumptions of
many educational psychological theories related to social interaction and stimulates
many new research questions related to XRCL.

Physical Presence

Physical presence is defined as the psychological feeling of “being there” in the
virtual environment (Ijsselsteijn & Riva, 2003). Currently, one of the most used
conceptualizations of presence was coined by Slater (2009). According to Slater,
presence consists of two dimensions: place illusion and plausibility illusion. Place
illusion is, as the name indicates, the illusion of being in the place that is depicted
in VR in spite of the knowledge that this is not the case (Slater et al., 2022). The
cause of place illusion can be traced to the fact that perception in VR occurs through
sensorimotor contingencies (i.e., immersion: e.g., rotating our heads to change our
gaze direction; Slater et al., 2022). The other constituent of physical presence, plau-
sibility illusion, refers to the illusion that events in VR are actually occurring despite
the knowledge that these are digitally generated (Slater et al., 2022). The plausibil-
ity illusions are generated when the virtual environment is responsive to the user’s
actions, when events in the environments are happening with reference to the user,
and when the virtual events happen in accordance with one’s expectations (Slater
et al., 2022). When both illusions (place and plausibility) are at play, people tend to
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respond realistically to virtual situations and events despite the fact that they know
these are not real (Slater et al., 2022). Experiences of physical presence are often
collected via questionnaires administered after the learner has been immersed (e.g.,
Makransky et al., 2017). However, psychophysiological measurement has also been
used (e.g., Schone et al., 2023; Terkildsen & Makransky, 2019).

A meta-analysis by Cummings and Bailenson (2016) found that more immersion
is linked to higher physical presence. Therefore, XRCL allows learners to change the
physical context they are in instantaneously (Bailenson, 2018; Markowitz & Bailen-
son, 2021) while affording the feeling of “being there” to a greater extent than stand-
ard media. This allows learners to experience the illusion of being in and exploring
different worlds, such as can be achieved via XRCL platforms like Engage VR (Han
et al., 2022) where users can travel to an underwater coral reef, to a museum, or to
Mars, all within seconds.

Body Ownership

Body ownership is the illusion that a virtual body belongs to oneself (Slater et al.,
2022). The experience of body ownership is often measured via subjective question-
naires (e.g., Gonzalez-Franco & Peck, 2018). However, objective measures, such
as galvanic skin response, have been used to infer body ownership in experimental
setups involving threats to a virtual body (Yuan & Steed, 2010). Recall the prior
example wherein we described how XRCL allows users to embody multiform ava-
tars of different ethnicity or age. There is evidence that people align their behaviour
and attitudes with their avatar’s characteristics (Yee & Bailenson, 2007). Although
social psychological theories attempt to understand how people create and define
their place in a social group based on characteristics they have had their entire lives
(Tajfel & Turner, 2004), current learning theories do not account for what happens
when these characteristics are transient. On a related note, body ownership illusions
make it possible to experience the world from other people’s perspectives (Slater
et al., 2010). This has led some to label VR as the ultimate “empathy machine”
(Herrera et al., 2018). Maister and colleagues (2015) reviewed the evidence on the
role of body ownership in implicit social bias and found that ownership of an out-
group individual (i.e., a person with a different gender, age, or race from oneself)
can reduce implicit biases against that group. However, little is known about the
consequences of body ownership in collaborative learning scenarios. On the other
end of the spectrum, XRCL may also provide a neutral environment where learners
are able to interact and engage in productive collaboration free of stereotypes and
biases that they would normally be unable to escape in the physical world since it
affords the option of controlling neutral avatars that do not connote gender, race, etc.
(Han et al., 2023).

Agency
Agency is a central aspect of human existence and refers to the experience of being

the director of one’s own actions (David et al., 2008). Conceptually, agency (i.e.,
“it is me who is acting”) is different from body ownership (i.e., “this is my body”).
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Agency is typically measured through judgements or attributions using self-reports
or errors through misidentification (e.g., David et al., 2007; Frith et al., 1999; Mot-
telson et al., 2023). Multivariate approaches that include implicit measures such as
kinematics, eye movements, or brain activity have also been used to infer agency
(e.g., Jeunet et al., 2018; Sperduti et al., 2011).

XRCL environments include visual, audio, kinesthetic, and tactile feedback,
which makes it possible to interact with objects and others in a similar fashion to
how these interactions take place in the physical world, but without the limitations
of the physical world. XRCL environments allow learners to be and do whatever
they want within the limits of the technological features, social affordances, and
pedagogical techniques as illustrated in TICOL (see Fig. 1). For instance, a learner
can tap a collaborator on the shoulder, hold their hand, and together jump off the
Navajo Bridge in Arizona after visiting a national heritage site and then fly hand
in hand to the Great Wall of China. Although these technological features in them-
selves do not ensure that learners will have a high sense of agency, it is more likely
that learners will feel agency in the aforementioned example compared to a lesson
where these actions are governed by the system (Petersen et al., 2022).

In the next section, we will provide a definition of the other central factors in
TICOL prior to describing the specific predictions and central relationships pro-
posed by the theory. This is followed by a description of the implications of using
and designing XRCL environments, as well as a future research agenda.

Other Central Factors in TICOL

In addition to defining the fundamental psychological factors that make collabora-
tion through immersive media fundamentally different from collaboration through
traditional media, TICOL also proposes how these factors are related to design fea-
tures and how they influence learning outcomes. Figure 1 illustrates the central vari-
ables and hypothesized relationships in TICOL. Prior to describing these relation-
ships, we will describe each factor in TICOL in more detail starting with the design
features on the left side of Fig. 1.

Technological Features

Technological features include hardware and software design specifications includ-
ing, but not limited to, the level of immersion, the amount of control factors, and
the representational fidelity of the environment (Makransky & Petersen, 2021). The
level of immersion is determined by the visual, auditory, kinesthetic, and tactile
elements of an XRCL environment and includes the tracking level, image quality,
sound quality, the size of the field of view, and update rate, among other factors
(Cummings & Bailenson, 2016; Slater, 2009). Control factors include the degree
of control, immediacy of control, and mode of control (Witmer & Singer, 1998).
Finally, representational fidelity includes the realism of avatars and virtual envi-
ronments, as well as consistency of object, avatar, and agent behaviour including
novel, sophisticated approaches based on large language models that enable agents
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to respond to the user in natural language (Dalgarno & Lee, 2010; Park et al., 2023).
The technical features of an XRCL environment influence the fundamental psycho-
logical factors in TICOL directly and dictate what social affordances and pedagogi-
cal techniques are possible. However, as we will describe below, technical features
are distinct from social affordances or pedagogical techniques because the latter
stimulate cognitive or socio-emotional interaction whereas technological features
are simply design specifications of the XRCL.

Social Affordances

Kreijns et al. (2013) refer to social affordances in their framework as the social-
contextual facilitators relevant to the learners’ socio-emotional interactions. In other
words, these serve non-cognitive aspects such as group culture and can include tan-
gible tools that facilitate avatar-based interactions or intangible factors such as poli-
cies and rules governing the XRCL groups.

Pedagogical Techniques

Pedagogical techniques refer to instructional design factors such as the use of scripts
(Vogel et al., 2017; Petersen et al., 2023), methods for peer feedback (Xiao & Luck-
ing, 2008), role assignment (Strijbos et al., 2004), and the use of representational
tools (Janssen et al., 2007). For instance, scripts are computational instructional sup-
ports that instruct learners about how to interact in ways that trigger the elaboration
of the learning material (Vogel et al., 2017). An example of peer feedback is learn-
ing by teaching, which involves explaining the learning material to another (Fiorella
& Mayer, 2016). Collaborative mapping is an example of a representational tool that
involves jointly creating a diagram that represents the learning material (Adesope
et al., 2022). According to collaborative cognitive load theory (CCLT), collabora-
tive learning tasks need to be sufficiently complex to make up for the extra resources
spent on communicating and coordinating (Kirschner et al., 2018). CCLT also high-
lights the fact that such tasks need to be sufficiently guided in order to not overload
the learners (often achieved via scripts; Kirschner et al., 2018).

Social Interaction

In their framework, Kreijns et al. (2013) describe how social interaction may occur
in the cognitive or socio-emotional dimension as well as in task or non-task con-
texts. Social interaction in the cognitive dimension serves the acquisition of knowl-
edge and skills and includes activities such as knowledge sharing and monitoring.
Conversely, interaction in the socio-emotional dimension involves processes related
to group development and dynamics including encouragement and positive appraisal
(Isohitdla et al., 2020). Social interaction that is on-task refers to the social inter-
action that takes place in the strictly defined task setting, which can be thought of
as the virtual classroom, while interaction in non-task contexts refers to everything
that can be considered outside of the learning setting, such as casual “getting to
know one another” areas or a virtual recreational area which serves the purpose of
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informal social interaction. It is important to note that task and non-task contexts
may include cognitive and socio-emotional social interaction (and vice versa; Krei-
jns et al., 2013). Consistent with Kreijns et al. (2013), TICOL distinguishes between
social interaction that occurs in the cognitive or socio-emotional dimension as well
as in on-task or off-task contexts.

Social Space

Kreijns et al. (2003, p. 608) define social space as “the network of social relation-
ships amongs the group members embedded in group structures of norms and val-
ues, rules and roles, beliefs and ideals.” Furthermore, Kreijns et al. (2022, p. 159)
describe a sound social space as a group attribute “manifested by a sense of com-
munity, group climate, mutual trust, social identity, and group cohesion.” Social
space also has a cultural structure because interpersonal relationships are embed-
ded within norms and values, rules and roles, and beliefs and ideals (Blanchard &
Lynne Markus, 2004; Brook & Oliver, 2002). Therefore, collaboration groups with
a sound social space experience relational structures and a shared social identity that
includes group cohesiveness, connectedness, mutual trust, a sense of belonging, a
sense of community, a social climate, and an open atmosphere (Kreijns et al., 2022).

Learning Outcomes

Learning outcomes are defined as the particular knowledge, skills, attitudes, and
behaviours that are acquired during collaborative learning. Based on Anderson
et al.’s (Anderson et al., 2001) taxonomy of learning, teaching, and assessing, knowl-
edge can include factual knowledge, conceptual knowledge, procedural knowledge,
and meta-cognitive knowledge. Furthermore, we include the transfer of knowledge
since it is highlighted as an ultimate goal of education (Mayer & Fiorella, 2022;
Prawat, 1989).

Hypothesized Relationships Between Central Components of TICOL Based
on Existing Research

The purpose of a collaborative learning environment is not simply to enable col-
laboration across distances, but to create conditions in which effective group inter-
actions can occur (Dillenbourg et al., 2009). The crucial point in terms of building
XRCL environments that are effective learning tools thus lies in understanding the
complex interplay between design features, the fundamental psychological factors
that make XRCL unique, and how these influence social interactions, social space,
and learning outcomes. TICOL predicts many specific, hypothesized paths that are
developed based on existing research from CSCL, online learning, immersive learn-
ing, and related literature. These hypothesized paths are described in the following
and depicted in Fig. 1 as different paths labelled one through ten.
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The Influence of Technological Features on the Four Fundamental Psychological
Factors of XRCL (Hypothesized Path 1)

There is a vast amount of research investigating the technological features that influ-
ence the four fundamental psychological factors of XRCL. Summarizing the entire
body of literature is beyond the scope of this article. Rather, we focus on presenting
a selection of key findings regarding each of the four factors to support the hypoth-
esized path 1. Regarding social presence, Oh et al. (2018) conducted a systematic
review of 233 separate findings identified from 152 studies that investigate the fac-
tors that predict social presence. They found that technological features including
depth cues, audio quality, haptic feedback, and interactivity most often had positive
effects on social presence. Furthermore, there is meta-analytic evidence that more
immersion is linked to higher physical presence (Cummings & Bailenson, 2016).
More specifically, Cummings and Bailenson aggregated 115 effect sizes from 83
studies and found that immersion had a medium-sized effect on physical presence.
Their results identified increased levels of user tracking, the use of stereoscopic vis-
uals, and wider fields of view of visual displays as the most important technological
features influencing physical presence. A recent review and meta-analysis by Mot-
telson et al. (2023) surveyed 111 papers including 4925 participants to investigate
the technological features that influence body ownership. Mottelson and colleagues
found that the manipulation of visuo-motor synchrony rendered the largest effects
on body ownership and that congruence of appearance, perspective, visuo-tactile
stimuli, and abstraction of the avatar were also effective manipulations. Makransky
and Petersen (2021) described technological features such as being able to control a
body representation (including factors such as degree of control, immediacy of con-
trol, and mode of control), as well as the ability to modify the environment and its
objects, as the most important predictors of agency. Kilteni et al. (2012) described
how the accordance between actual movements and corresponding visual feedback
is important for creating agency, otherwise known as forward modelling of the cen-
tral nervous system (Farrer et al., 2008). Mottelson et al. (2023) confirmed this asso-
ciation in their meta-analysis where they found that visual asynchrony was the most
influential negative manipulation on agency.

The Association Between Technological Features and Social Affordances
(Hypothesized Path 2)

The technological features of an XRCL system define how social affordances
can be implemented into an XRCL environment. An example of a social affor-
dance is a meet-and-greet area where learners can greet each other by giving
a high five, which is a feature in the Engage VR platform (Han et al., 2022).
Here, the technological features enable haptic feedback when learners high-five
each other’s avatars. Notice that haptic feedback is a technological feature of the
XRCL environment, which intensifies the social affordance (the high five in the
meet and greet area). The first thing a learner usually does when seeing a collab-
orator’s avatar for the first time in an XRCL session in Engage VR is to approach
them and give them a high five. This instigates immediate social interaction and
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typically leads to informal conversation (socio-emotional interaction; hypothe-
sized path 4, described below). Social affordances also increase social presence
(e.g., due to the fact that the high five with another avatar increases the sense
of interacting with another person; hypothesized path 5, described below) and
body ownership (e.g., as the visual and tactile synchrony of seeing your virtual
hand react to your actual movement from a first-person perspective increases the
sense that it is your body; hypothesized path 5). The above example is a simple
example of how the way in which social affordances are designed in XRCL plat-
forms will depend on the technological features of the system.

The Association Between Technological Features and Pedagogical Techniques
(Hypothesized Path 3)

Similar to the relation between technological features and social affordances,
technological features also determine how pedagogical techniques can be imple-
mented in an XRCL environment. Above, we referred to scripts, which have
been shown to be effective in CSCL (Vogel et al., 2017). For instance, consider
a co-construction activity in an XRCL environment where students are prompted
to build an enlarged virtual cell as part of a virtual tour through the human
bloodstream: Prompting students to collaboratively build the cell by combining
the different parts can facilitate constructive social interaction in the cognitive
dimension and lead to enhanced spatial knowledge for both learners (Petersen
et al., unpublished manuscript). The technological features dictate the scripts
that can be implemented in an XRCL environment. For instance, recent advances
in artificial intelligence concerning large language models allow the integration
of interactive pedagogical agents capable of supporting and guiding the collabo-
rative learning process in a dynamic way (Park et al., 2023). Traditionally, how-
ever, VR scripts are modelled on real-life scaffolds such as an interactive virtual
tablet that provides instructions (Makransky, Wismer, & Mayer, 2019).

Another example of a pedagogical technique is the signalling principle, which
states that deeper learning is achieved when cues are incorporated that direct
learners’ attention toward critical elements of the multimedia learning mate-
rial (van Gog, 2022). Notice that signalling is a pedagogical technique that can
be incorporated into an XRCL environment differently depending on the tech-
nological features that are available. For instance, in the above example where
students have to co-construct a cell, students are instructed to select the next
component to build the cell. The student responsible for initiating the task could
signal this by highlighting it from a list of components if the technological
features are limited. Alternatively, if the technological features allow students
represented as avatars to move freely around a 3D model of a cell and see the
actions and gaze patterns of other collaborators, then simply looking at a par-
ticular component would provide a signal of the intention to use that as the next
component to build the cell.
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The Influence of Social Affordances on Social Interaction (Hypothesized Path 4)

While TICOL posits that social affordances influence social interaction indirectly
through the four fundamental psychological factors (to be discussed below), these
affordances can also influence social interaction directly. Kreijns and Kirschner et al.
(2018) describe how social affordances influence social interaction through factors
such as sociability (the degree to which the CSCL system supports socio-emotional
interaction) and hedonicity (the extent to which a CSCL system is designed to incite
pleasure and enjoyment during the interaction). Social media are good examples of
platforms that have many types of social affordances that are designed to engage
users to interact (Bucher & Helmond, 2018). Keenan and Shiri (2009) linked the
sociability of four social media platforms including Facebook, Myspace, LinkedIn,
and Twitter with the high degree of social interaction that these applications facili-
tate. Research on the adoption of social media has also found that hedonicity is a
factor that plays a role in increasing social interaction and the adoption of these sys-
tems (van Koningsbruggen et al., 2017). A casual getting-to-know-one-another area,
e.g., modelled on real-life conference facilities, is another example of a social affor-
dance capable of sparking social interaction—particularly in the socio-emotional
dimension.

The Influence of Social Affordances on the Four Fundamental Psychological Factors
of XRCL (Hypothesized Path 5)

There is existing evidence that social affordances can influence social presence. For
instance, in their review of the contextual factors that influence social presence, Oh
et al. (2018) found that physical proximity, identity cues, and the personality/traits
of virtual humans (social affordance factors) were often significant predictors of
social presence. On a theoretical level, the threshold model of social influence in
digital environments (TMSI) provides a framework for understanding how digital
humans promote social presence and exert social influence (Blascovich, 2002; Ryan
et al., 2019). According to TMSI, the extent to which digital humans elicit social
presence, and thereby potentially social influence effects (i.e., changes in an individ-
ual’s cognitions, attitudes, physiological responses, and behaviours), is a function of
three independent factors: agent/avatar, communicative realism, and response sys-
tem level. Communicative realism refers to the movement realism, anthropomorphic
realism, and photographic realism of the virtual other and can be considered a type
of social affordance that can influence social presence (Ryan et al., 2019).

There is also theoretical support for the link between social affordances and phys-
ical presence. As described above, when place and plausibility illusions are at play,
people tend to respond realistically to virtual situations and events despite the fact
that they know these are not real (Slater et al., 2022). Take for instance a group of
students who are given the joint task of investigating the consequences of climate
change on a coral reef. This could occur in an XRCL environment through exploring
a vibrant coral reef together from both the perspective of the present time as well
as the future to provide a different perspective that shows the consequences of cli-
mate change from a first-person perspective (Plechatia, Morton, et al., 2022). Then,
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students could choose to take a break by virtually visiting an exotic recreational
environment where they can collaborate on a teambuilding activity. The social affor-
dance of having an exotic recreational environment can prime the sense of “being
in” and interacting with collaborators in the exotic recreational environment to the
extent that place and plausibility illusions are incorporated into the XRCL.

There is empirical evidence supporting and describing how social affordances
can also influence body ownership. A recent meta-analysis by Mottelson et al.
(2023) found that appearance manipulations were effective in inducing body owner-
ship. In XRCL settings, it is possible to alter avatars on many dimensions, includ-
ing gender, age, race, height, and attractiveness, in addition to changing nonverbal
behaviour such as smiling more or less. The social affordances of the XRCL can
therefore influence body ownership to the extent that these potential manipulations
can effectively induce body ownership.

Finally, social affordances are also hypothesized to influence agency. For
instance, allowing learners to select their own avatar could increase their sense of
agency compared to a lesson where they are randomly assigned one.

The Influence of Pedagogical Techniques on the Fundamental Psychological Factors
of XRCL (Hypothesized Path 6)

The hypothesized path 6 predicts that pedagogical techniques can influence the fun-
damental psychological factors of TICOL, which in turn influence social interac-
tion (hypothesized paths 8A—D described below). Dubosc et al. (2021) conclude that
offering a task context that generates dependence between collaborators improves
social presence in an immersive collaborative learning environment. This is consist-
ent with the collaboration principle in multimedia learning, which predicts that the
quality of interaction is enhanced when collaborators experience interdependence
during learning (Janssen et al., 2022).

An example of a pedagogical technique which could influence cognitive social
interaction through increasing the fundamental psychological factor of physical
presence is that students could be given the task (script) of building an auto repair
shop in the virtual environment by selecting and customizing available virtual assets
(parts) prior to building a new motor. The pedagogical technique would be directly
related to physical presence in the sense that students would feel like they are in an
auto repair shop (compared to a lesson where they were not given that script and
were presented with the motor without the environment). The task of building the
auto repair shop would likely facilitate discussions about how to build the motor
(on-task cognitive social interaction). Furthermore, providing the students the task
of building the auto repair shop, rather than simply immersing them in the shop,
would increase agency which would also likely stimulate more cognitive as well as
socio-emotional social interaction. In general, pedagogical techniques can play a
significant role in learners’ agency in XRCL. For instance, learners may experience
low agency in an XRCL lesson where they passively sit through a direct instruc-
tion lecture in a virtual classroom with little control, compared to a discovery-
learning lesson where they are able to gain the same knowledge through exploration
(Makransky & Petersen, 2021).
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The Influence of Pedagogical Techniques on Social Interaction (Hypothesized Path 7)

TICOL builds on the vast amount of CSCL research which highlights key pro-
cesses that drive collaborative learning. Most pedagogical techniques in CSCL
are designed to stimulate productive social interaction (e.g., Gunawardena, 1995;
Rourke & Anderson, 2002). Kreijns et al. (2013 p. 237) describe how “without a
specific pedagogy, social interaction among group members will not arise.” A great
deal of CSCL research has focused on developing such CSCL pedagogy, and peda-
gogical techniques that have been successful at enhancing social interaction include
the application of pedagogical scripts (e.g., Dillenbourg & Tchounikine, 2007; Fis-
cher et al., 2013) or predefined roles (e.g., Strijbos & De Laat, 2010). We acknowl-
edge this research and expect that these findings will generalize to XRCL. We there-
fore suggest that the design of XRCL applications build on the fundamental research
that has been conducted in CSCL, viewed through the lens of TICOL.

While most pedagogical techniques are based on CSCL literature, XR environ-
ments also allow for novel pedagogical techniques that are not possible with less
immersive media. For instance, the XRCL platform Engage VR makes it possi-
ble for students to record a session where their avatars are working on a task, then
“pause” or “rewind” during a conversation, and be embodied into that scene at the
same time as they are observing and recording the interaction, thereby allowing for
a new dimension of generative learning activities where they can see their own ava-
tar interact with others and reflect over their previous behaviour (Fiorella & Mayer,
2016).

The Influence of Each of the Four Fundamental Psychological Factors on Learning
Outcomes Through Social Interaction and Social Space (Hypothesized Paths 8A-D, 9,
and 10)

Since the objective of TICOL is to identify factors that differentiate XRCL from
CSCL and to describe how these factors can influence learning outcomes through
increased social interaction and improved social space, we will now describe these
combined hypothesized paths for one fundamental psychological factor at a time in
the following sections.

The Influence of Social Presence on Learning Outcomes Through Social Interaction
and Social Space (Hypothesized Paths 8A, 9, and 10) There is abundant research
that highlights how social presence influences social interaction in online learning
groups (Tu & Mclsaac, 2002; Zhao et al., 2014). For instance, Poth (2018) describes
how the development of social presence can promote a more engaging and support-
ive educational experience, in which students become more motivated and can attain
more success through social interaction. One of the primary goals of networked
communication systems is to offer high levels of social presence (Biocca & Harms,
2002; Oh et al., 2018). Social presence is also a central component in many frame-
works related to online learning, including Garrison’s (Garrison, 2000) community
of inquiry framework, which includes social presence as a primary factor. Garrison
and Arbaugh (2007) concluded from a literature review that social presence is one
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important factor essential for creating a community of inquiry and for designing,
facilitating, and directing higher-order learning. The research on the influence of
student group cohesiveness and interaction on team effectiveness in online courses
also suggests a strong relationship between social presence and learning outcomes
(Hwang & Arbaugh, 2006; Williams et al., 2006). The paths from social presence to
learning outcomes through social interaction (Paths 8A and 10) are also supported
in previous research (Song & Yuan, 2015; Tu, 2000).

Social presence is a central component in enabling social interaction. What is
unique about immersive technology is that it affords a significantly higher level
of social presence compared to less immersive technology (Bailenson, 2018). The
fundamental question is therefore how much social presence is needed to influence
the quality, content, or intensity of the socio-emotional and cognitive social interac-
tion. It is important to note that in their review, Oh et al. (2018) describe how social
interaction also tended to “increase participants’ feelings of social presence” (p. 25).
In this way, we propose a multidirectional path between social presence and social
interaction.

In general, TICOL predicts that higher social presence can result in more social
interaction but that this will only lead to improved social space and more learning
to the extent that the social interaction is productive for the specific learning out-
comes. Kirschner et al. (2009) refer to the transactional costs involved in collabora-
tion and highlight how collaborative learning works best when the costs in terms of
invested time and effort are exceeded by the benefits in terms of effectiveness and
efficiency of learning. This is also formulated in the collaboration principle in multi-
media learning, according to which the costs of collaboration (e.g., in terms of coor-
dination) must be more than compensated for by the added value of being able to
distribute information processing among group members in order for collaborative
learning to be effective (Janssen et al., 2022). The authors highlight how learners
in CSCL experience working in teams as positive to the extent that they feel certain
that the extra time and effort that need to be invested to work together pays off. This
means that the costs of communication with others and coordination of activities are
compensated by the returns in terms of ease of learning. However, it is important to
acknowledge that strong social space does not necessarily coincide with productive
cognitive interactions. Social media platforms are an excellent example of platforms
that use social affordances to prompt users to remain connected and engage in socio-
emotional interaction, but this may not result in more cognitive interaction.

The Influence of Physical Presence on Learning Outcomes Through Social Interaction
and Social Space (Hypothesized Paths 8B, 9, and 10) The affordances of 3D learning
environments are well documented and include the facilitation of tasks that lead to
enhanced spatial knowledge representations, greater opportunities for experiential
learning, increased motivation/engagement, improved contextualization of learning,
and richer/more effective collaborative learning as compared to tasks made possible
by 2D alternatives (Dalgarno & Lee, 2010, p. 10). There is meta-analytic evidence
that more immersion is linked to higher physical presence (Cummings & Bailen-
son, 2016). Therefore, one of the fundamental aims of TICOL is to identify the con-
texts where physical presence is essential for stimulating the different components of
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social interaction to the extent that a better social space and ultimately better learn-
ing outcomes are produced.

Studies of immersive learning highlight application domains where the opportu-
nity to virtually transport learners to any environment instantaneously is particularly
useful. These include environments that would be dangerous (e.g., what to do if you
get acid on your skin in a lab; Makransky, Borre-Gude, & Mayer, 2019), expen-
sive (e.g., a virtual field trip to Greenland; Makransky & Mayer, 2022), or impos-
sible (e.g., travelling through the body; Klingenberg et al., 2022) to experience in
the real world (Bailenson, 2018; Makransky & Petersen, 2021), with the possibility
of overcoming limitations of space and time (Plechata, Makransky, & Bohm, 2022).
In collaborative learning settings, it can also be beneficial for learning to have group
members who are physically separate work together in an environment that does
not necessarily live up to these criteria but where the properties of the environment
prompt physical presence which improves cognitive and socio-emotional interaction.

The role of physical presence in immersive learning has been studied extensively,
and the CAMIL (Makransky & Petersen, 2021) and the immersion principle in mul-
timedia learning (Makransky, 2022; Makransky & Mayer, 2022) describe how phys-
ical presence can be beneficial to leaning to the extent that the sense of “being there”
in the virtual environment is important for the learning task and stimulates task
involvement through variables such as situational interest. In collaborative learn-
ing, we hypothesize that the environmental context can play an even greater role in
stimulating the cognitive and socio-emotional dimensions of social interaction and,
through these, affecting the social space and the learning outcomes, as XRCL envi-
ronments can provide a relevant shared contextualized experience. This can occur
through establishing a joint context that is rich and engaging and allows for perspec-
tive-taking, which have all been shown to be important for successful collaborative
learning. For example, the XRCL platform Engage VR (Han et al., 2022) offers a
pedagogical technique that allows learners to change the physical context they are in
instantaneously. As described above, this allows students to experience the illusion
of being in and exploring different worlds, such as an underwater coral reef, then in
an instant “be” in a museum, on Mars, or virtually travel to the same coral reef in
the future where the habitat is destroyed. This could mean that a strong experience
of physical presence could prime interaction in the socio-emotional domain (e.g.,
discussions about how the surroundings create a sense of fright in the group) and
the cognitive domain (e.g., discussions about how the group can use the knowledge
they have obtained to alleviate the consequences of climate change) while immersed
in the underwater environment. Then, students could choose to take a break by vir-
tually visiting an exotic recreational environment where they can collaborate on a
teambuilding activity (non-task interaction in the socio-emotional dimension) and
where students may even generate ideas and discuss how to solve the collaborative
task (non-task cognitive dimension).

Co-construction has been highlighted as a central affordance of CSCL (Jeong
& Hmelo-Silver, 2016). Optimal co-construction occurs when groups construct a
shared frame of reference, or cognitive space, in which they obtain relevant knowl-
edge, build on each other’s contribution, and co-construct potential solutions to
build new knowledge (Matusov, 1996; Suthers, 2006). Representational tools have
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been shown to be valuable for developing co-construction (LeBaron & Koschmann,
2003), and although the example described above would also be possible with
mobile or desktop media, XRCL environments provide a contextualized experience
that feels real (i.e., higher physical presence). This is specifically relevant for the
transfer of learning where XRCL environments can be created to have high psycho-
logical and physical fidelity thereby decreasing the gap between the context where
learning takes place and the context where the knowledge is intended to be used
(Makransky, Borre-Gude, & Mayer, 2019).

The Influence of Body Ownership on Learning Outcomes Through Social Interac-
tion and Social Space (Hypothesized Paths 8C, 9, and 10) XRCL environments
make it possible to manipulate avatar body representations in terms of structure,
morphology, and size (Kilteni et al., 2012), which can have an important psycho-
logical impact. According to the Proteus effect introduced by Yee and Bailenson
(2007), people align their behaviour and attitudes with their avatar’s characteristics.
In a meta-analysis, Ratan et al. (2020) identified a small-to-medium-sized effect in
favour of the Proteus effect across 46 experimental studies in which avatars with
specific characteristics were randomly assigned to participants. The explanation for
the effect can be found in the self-perception theory (Bem, 1972), which argues that
people determine their attitudes by interpreting the meaning of their own behav-
iour in a situation, and from a stereotyping effect that posits that people behave in
a situation according to how others would expect a person with such characteristics
to behave (Yee & Bailenson, 2007). There is also evidence showing how the body
ownership of specific avatars can influence social interaction. For instance, Yee and
Bailenson (2007) found that people embodied as an attractive rather than an unat-
tractive avatar in collaborative VR were willing to move closer to one another and
disclose more information. In a recent study where researchers analyzed the linguis-
tic patterns of group conversations in a collaborative VR course with 171 students,
DeVeaux et al. (2023) found that virtual representations of self were the most robust
theme of conversations. In this way, body ownership was a source of socio-emo-
tional social interaction.

The mechanisms through which body ownership can influence social interac-
tion, social space, and ultimately learning outcomes are complicated and can include
many other factors. Slater et al. (2010) showed that a body ownership illusion makes
it possible to experience the world from other people’s perspectives and that it pro-
vides a possibility to change roles and combat stereotypes. The science of implicit
cognition suggests that many mental processes function implicitly (i.e., outside of
the conscious attentional focus). Therefore, when collaborating, learners do not
always have conscious, intentional control over such processes as social perception,
impression formation, and judgement which motivate their actions (Greenwald &
Krieger, 2006, p. 946). Processes that are relevant for XRCL include implicit atti-
tudes (Greenwald et al., 1998), implicit stereotypes (Blair, 2001), implicit mem-
ory (Schacter, 1987), and implicit perception (Kihlstrom et al., 1992), which can
influence the quality of the social interaction, social space, and ultimately learning
outcomes. Prestige-biased social learning occurs when individuals predominantly
choose to learn from a prestigious member of their group, i.e., someone who has
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gained attention, respect, and admiration for their success in some domain (Brand
et al., 2021). In XRCL, it is possible for collaborators to embody prestigious mem-
ber of a group, and previous research has found that embodying an avatar who is
perceived as very intelligent can lead to better performance on a cognitive task com-
pared to embodying an avatar with normal intelligence (Banakou et al., 2018). This
suggests that body ownership could potentially influence social interaction, social
space, and learning outcomes as predicted by TICOL.

Many diversity-related educational initiatives have been suggested to promote
positive intergroup relations (Denson, 2009), including implicit bias training (Girod
et al., 2016). In XRCL, learners are able to embody an avatar of choice and col-
laborate in an environment where they are not met by the potential stereotypes and
biases they would normally be unable to escape when interacting in the physical
world which could influence learners’ social interaction, social space, and ultimately
learning outcomes according to TICOL.

The Influence of Agency on Learning Outcomes Through Social Interaction and
Social Space (Hypothesized Paths 8D, 9, and 10) The literature on embodied cogni-
tion is one theoretical lens which helps understand how agency can influence social
interaction. This literature describes how human cognition is deeply rooted in the
body’s interactions with the world and our systems of perception (Barsalou, 1999;
Wilson, 2002). XRCL environments can be highly interactive platforms allowing for
kinesthetic learning experiences, which has been shown to result in positive learn-
ing outcomes due to the high degree of collaboration (on-task cognitive interaction)
engendered by the co-located environment (Johnson-Glenberg et al., 2014).

More broadly, social cognitive theory highlights the importance of collective
agency which is a group of learners’ belief in their collective capacity to achieve
given attainments (Bandura, 2006). Meta-analyses have found that perceived col-
lective efficacy accounts for a large portion of the variance in the quality of group
functioning (Gully et al., 2002; Stajkovic & Lee, 2001). The CAMIL (Makransky
& Petersen, 2021) describes how control factors which encompass variables such
as degree of control, immediacy of control, and mode of control influence agency.
Therefore, groups of learners would generally have lower agency in an XRCL where
interaction is limited and where learners follow a fixed narrative compared to a
highly interactive XRCL where groups are able to control many parameters and have
the freedom to explore (Johnson-Glenberg, 2019). The more open and interactive an
XRCL environment is, the more learners need to coordinate their activities which
naturally leads to higher social interaction. Immersive learning research highlights
how agency can influence cognitive and affective factors such as situational interest,
intrinsic motivation, and embodied learning (Petersen et al., 2022) which are factors
that can influence social interaction through higher engagement.

Although more freedom to explore can result in a higher sense of agency and
social interaction, there is abundant evidence that unassisted discovery does not
benefit novice learners, whereas different forms of scaffolding do (Alfieri et al.,
2011). Furthermore, research has shown that inquiry-based learning can be more
effective than other more expository instructional approaches as long as students
are supported adequately (Lazonder & Harmsen, 2016). When students engage in
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inquiry-based learning, their actions are often as important as their dialogue. There-
fore, although increased freedom can result in more agency, it is important that ped-
agogical techniques are in place to ensure that students’ exploration is appropriately
scaffolded. This can be complicated and requires a certain balance, as a pedagogy
that promotes efficient learning can cause learners to be less likely to discover novel
information (Bonawitz et al., 2011).

The crucial point in terms of building XRCL environments that are effective
learning tools according to TICOL thus lies in developing evidence of design factors
that can increase the four fundamental psychological factors in a way that increases
productive social interaction, can improve social space, and ultimately increase
learning outcomes, that is, designing XRCL environments that optimize the benefits
of XRCL while taking into account their limitations. There is abundant literature
describing how VR environments can lead to hedonic participation where students
use the learning experience for its entertainment qualities (Makransky, Terkildsen,
& Mayer, 2019). This can lead to lower learning outcomes as the students’ actions
are not channelled toward the learning content. As an example, it may be tempt-
ing to visit Mars and play via an XRCL system rather than focusing on the on-task
activity. However, this would be detrimental to learning outcomes.

The Association Between Social Interaction and Social Space (Path 9)

TICOL builds on CSCL literature and describes how the different kinds of social
interaction are crucial for developing a positive social space which creates a feed-
back loop to social interaction and ultimately impacts learning outcomes (Kreijns
et al., 2013). Many researchers highlight how a sound social space including posi-
tive interpersonal relationships and a sense of community can facilitate social inter-
action and vice versa, as high-quality collaboration can reinforce a sound social
space (Haythornthwaite, 2002; Johnson & Johnson, 2009; Palloff & Pratt, 2005).
Social interaction is thus a precursor of and a necessary element for the development
of social space (Kreijns et al., 2022).

Essentially, providing group members with the possibility to embody an avatar
of choice, with the possibility to interact with a high level of social presence in a
relevant physical environment that feels real, while supporting agency, can stimu-
late social interaction. This can contribute toward a sound social space consisting of
strong interpersonal relationships, trust, and a sense of cohesion, which reinforces
social interaction and thereby learning according to the social aspects of CSCL
framework (Kreijns et al., 2013).

The Influence of Social Interaction on Learning Outcomes (Path 10)

Successful collaborative learning depends on the extent to which groups engage in
productive social interactions (Kreijns et al., 2013). Abundant CSCL research has
investigated the conditions where specific interactions occur, as well as the inter-
actions that are predictive of learning (Dillenbourg et al., 1996). Social interaction
such as explanation, argumentation/negotiation, and mutual regulation is necessary
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for group members to learn from each other in a CSCL environment, but this may
not be sufficient: “Only when the group development results in a social space where
trust, sense of community, and strong interpersonal relationships exist can CSCL
pedagogy be successfully applied” (Kreijns et al., 2013, p. 229). The purpose of a
CSCL environment is thus not simply to enable collaboration across distance, but to
create conditions in which effective group interactions can occur (Dillenbourg et al.,
2009). Above, we proposed how the four psychological factors that make XRCL
unique can influence learning outcomes by increasing social interaction and improv-
ing social space. In the next section, we describe a research agenda for testing those
assumptions and providing an evidence-based approach for developing the field of
XRCL.

Future Research Agenda

Given the fact that XRCL research is in its infancy, we hope that TICOL can provide
a theoretical basis for developing this field by motivating researchers to empirically
challenge our assumptions and ultimately develop a deeper understanding of if, and
how, immersive media influences collaborative learning. Rather than taking a tech-
nocentric approach to understanding XRCL, we hope that TICOL will pave the way
for an evidence-based research agenda that will influence the future of collabora-
tion, education, and work, in a world where we will increasingly rely on immer-
sive technology to keep us connected and reach shared goals. This could take many
forms. In a recent paper, Janssen and Kirschner (2020) proposed a research agenda
to guide future CSCL research and contend that it is important to simultaneously
study antecedents, processes, and consequences of collaboration. TICOL focuses on
the process of learning in XRCL environments and the psychological factors that
make XRCL unique. Future research could therefore focus on the following research
questions that investigate how each of the fundamental psychological factors com-
bined with the unique possibilities in XRCL influence learning outcomes through
social interaction and social space as predicted by TICOL: (1) How does the poten-
tially high level of physical presence in XRCL combined with the ability to instan-
taneously change the physical environment change the quality and quantity of social
interaction, and does this influence social space and ultimately learning outcomes?
(2) How does the potentially high level of social presence in XRCL combined with
the possibility to change who one is (in terms of physical appearance) influence col-
laboration partners, and how does this influence social interaction, social space, and
learning outcomes? (3) How do the characteristics and the possibility to customize
one’s own avatar influence one’s behaviour, and how does this influence how people
collaborate and learn? (4) What pedagogical design features can improve the qual-
ity of immersive collaborative learning, given that XRCL provides physically and
socially unconstrained environments that allow learners to “be” anyone and “do”
anything they want?

Future research could also focus on antecedents by systematically varying dif-
ferent design features described in TICOL and investigating how this influences the
fundamental psychological factors, social interaction, social space, and ultimately
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learning outcomes as predicted by TICOL. For instance, more research is needed to
investigate how pedagogical techniques from CSCL literature generalize to XRCL,
as well as research that investigates novel pedagogical techniques in XRCL. Other
factors that are not currently included in TICOL can also influence learning out-
comes in XRCL. Similar to how many people experienced a difficult transition with
regard to using online meetings as a primary means of communication at the begin-
ning of the COVID-19 pandemic due to technical issues (Raake et al., 2022), cog-
nitive load (Bailenson, 2021), or usability issues (Fauville et al., 2021), the poten-
tials of XRCL may be thwarted due to these factors as well as side effects such as
simulation sickness (Biocca, 1992). Furthermore, a sound social space is ultimately
the consequence of group members. Therefore, antecedents such as individual dif-
ference factors could influence how the psychological mediators in TICOL influ-
ence social interaction and through it social space and learning outcomes. In their
meta-analysis, Jeong et al. (2019) found that the effects of a particular technology or
pedagogy are likely to vary as a function of the collaboration mode, learner levels,
and domains of learning. This suggests that the interplay between how the funda-
mental psychological factors of XRCL influence social interaction, social space, and
learning outcomes will likely depend on a number of different factors (i.e., boundary
conditions). Finally, the consequences of collaboration in XRCL need to be inves-
tigated by how the predictions in TICOL differ based on different types of learn-
ing outcomes as previous research has found that immersive learning is specifically
effective for certain types of learning outcomes (Makransky & Petersen, 2021).
While it is possible to test the proposed hypotheses and assumptions of TICOL
through theoretically driven research as proposed above, a bottom-up data-driven
approach is also possible. XRCL makes it possible to measure central aspects of
social interaction in a controlled environment that feels real (Han et al., 2022). That
is, XRCL provides rich data about a group of learners including what they say, inter-
personal distance, movement trajectory, gaze, gestures, and facial expressions. This
represents a whole new level of social learning analytics (Kaliisa et al., 2022), which
could be used to gain a deeper understanding of the fundamental assumptions and
hypotheses in TICOL. To this end, data-driven machine learning approach including
explainable Al methods such as SHAP (Lundberg & Lee, 2017) and permutation
importance (Altmann et al., 2010) can be used to understand which are the most
important predictors of learning (Deininger et al., 2023). While the amount of data
that XRCL produces is extensive (Miller et al., 2023), it is important that future
research is grounded in strong theory to guide how behavioural data is operational-
ized and used. Finally, ethical issues (e.g., Brown et al., 2023), data security (Chen
et al., 2022), safety (Zallio & Clarkson, 2022), and the use of XRCL in diverse pop-
ulations (e.g., Wang et al., 2023) are also important future XRCL research areas.

Conclusion
In this manuscript, we present the theory of immersive collaborative learning

(TICOL). The theory draws on research from computer-supported collaborative
learning (CSCL) including Kreijns et al.” (2013) social aspects of CSCL research
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framework and theories and principles of individual immersive learning, includ-
ing the immersion principle in multimedia learning (Makransky & Mayer, 2022)
and the cognitive-affective model of immersive learning (CAMIL; Makransky &
Petersen, 2021), to propose a model of extended reality—supported collaborative
learning (XRCL). TICOL describes four fundamental psychological factors that
make collaboration through immersive media fundamentally different from collabo-
ration through traditional media such as laptops or tablets: social presence, physi-
cal presence, body ownership, and agency. The model describes how design factors
including technological features, social affordances, and pedagogical techniques of
an XRCL system influence the four fundamental psychological factors. Further-
more, the theory describes how these fundamental psychological factors influence
social interaction, which can occur in the cognitive or socio-emotional dimension as
well as in task or non-task contexts. Finally, the model describes how the different
dimensions of social interaction can influence social space and ultimately learning
outcomes. According to TICOL, the crucial point with regard to building XRCL
environments that are effective learning tools lies in understanding the complex
interplay between design factors, fundamental psychological factors, social interac-
tion, social spaces, and learning outcomes.
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