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Abstract

Hands-on laboratories are essential to acquire skills in education. However, they can be costly,
lack flexibility, and do not allow one to do an unlimited number of experiments. Virtual and
remote laboratories represent an interesting alternative to traditional hands-on lab sessions.
On the other hand, fostering collaboration between learners and between learners and teachers
is an important aspect to develop in these virtual and remote laboratories, as it enhances learn-
ing. This systematic literature review presents an extensive overview of previous research
about fostering collaboration in educational virtual and remote laboratories. Results of this
study show that communication and group awareness tools are generally well integrated into
remote and virtual laboratories. These tools foster collaborative learning as they enable users
to communicate, to be aware of the presence and the actions of the other members of the
group and to share knowledge. However, tools for guiding and regulating collaboration are
poorly integrated in the laboratories. These tools are yet useful to foster collaborative learn-
ing as they respectively give instructions to collaborate effectively and information about
the state of collaboration to regulate it. This review also identified a minority of studies that
assessed the quality of collaboration and learning in laboratories. Future research should put
more emphasis in investigating guidance and regulation tools, as well as integrating studies
to evaluate collaboration and learning in educational remote and virtual laboratories.

Keywords Computer-supported collaborative learning - Educational remote laboratories -
Educational virtual laboratories

Introduction

Hands-on laboratories play an important role in education, particularly in STEM (Science,
Technology, Engineering, and Mathematics) curricula, by allowing students to learn mean-
ingfully and better understand theoretical concepts through direct hands-on experience (Jiun
et al., 2014; Ma & Nickerson, 2006). Being in line with the expectations of recruiters (Patac-
sil & Tablatin, 2017) and the objectives of physics laboratories in teaching by the American
Association of Physics Teachers in 1997 (Corter et al., 2011), hands-on laboratories also
enable the development of social and teamwork skills (Ma & Nickerson, 2006; Lindsay
et al., 2007), since hands-on work is typically conducted in groups. Hands-on laboratories
exemplify inquiry-based learning, a process grounded in socio-constructivist theories (Bell
et al., 2009), which suggest that knowledge is built through collaborative processes and
shared information among group members (Duit & Treagust, 1998). According to Bedwell
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et al. (2012), collaboration is a term with different definitions depending on the discipline.
In our works, we adhere to the definition proposed by the Australian Council for Educa-
tional Research in 2020 (Scoular et al., 2020): "Collaboration refers to the capacity of an
individual to contribute effectively in a group. This involves perseverance, contributing to
team knowledge, valuing contributions of others and resolving differences. Effective collab-
oration involves a division of labour with participants who are engaged in active discourse
that results in a compilation of their efforts." In education, a commonly accepted defini-
tion of collaborative learning is "a situation in which two or more people learn or attempt
to learn something together" (Dillenbourg, 1999). It is therefore important to emphasize
a key distinction between the concept of collaborative learning and the broader notion of
collaboration: the former places specific emphasis on learning as its primary goal. While
collaboration generally refers to contributions made within a group context (Scoular et al.,
2020), collaborative learning specifically involves interactions between individuals that have
the potential to activate learning mechanisms (Dillenbourg, 1999).

Despite the aforementioned benefits, hands-on laboratories have limitations. First, the
ability of universities to fund these learning sessions is limited by the increasing complexity
of experiments, giving students access to a restricted number of experiments (Richter et al.,
2011). The large number of students also limits the availability of instruments (Muchlas
& Novianta, 2015). Moreover, the variety of experiments can be limited for safety rea-
sons, to reduce risks associated with students handling the equipment (Bochicchio et al.,
2015b). One solution to overcome these limitations is to turn to virtual and remote laboratory
(VRL). Govaerts et al. (2013) define VRLs as "remote laboratories, virtual experiments or
data sets accessible from the browser through apps". A real laboratory enabled for remote
access is referred to as a remote laboratory, while a real laboratory replicated or represented
entirely through software is called a virtual laboratory (Potkonjak et al., 2016). Faced with
some of the limitations of traditional laboratories, VRLs offer flexibility and independence,
providing the opportunity to access equipment 24/7 (Richter et al., 2011). Additionnaly, the
costs of VRLs are lower than those of hands-on laboratories (Barros et al., 2013; Hernandez-
de-Menéndez et al., 2019). Finally, extreme conditions, such as high or low temperatures, are
easier and safer to model in a virtual lab than in a conventional one (Drysdale & Braithwaite,
2017).

Nevertheless, integrating collaboration into VRLs-similarly to hands-on laboratory
environments—is essential. Several theoretical perspectives underline the centrality of collab-
oration in learning. For instance, Hutchins’ theory of distributed cognition defines a cognitive
system as extending beyond a single individual to encompass a group of people and the arte-
facts within their environment (Hutchins, 2000; Giere & Moffatt, 2003). Cognitive activities,
from this viewpoint, are characterized by the "propagation of representational state across
media" (Hazlehurst et al., 2008), meaning the circulation and transformation of information
and knowledge within the system. In such collaborative settings, individuals draw upon each
other’s resources and knowledge to achieve shared objectives (Rogers, 1997). This group-
based perspective aligns with the theory of social constructivism and Vygotsky’s approach,
which posit that learning occurs through experiential, communicative (Leinonen et al., 2000),
and social processes (Vygotsky, 1978). Consequently, learning is understood as an active and
inherently social activity (Leinonen et al., 2000). Peer interactions foster explanation, debate,
and mutual regulation, all of which contribute to the co-construction of knowledge (Dillen-
bourg, 1999). Within VRLs, this collaborative dimension is especially relevant as it can
yield diverse learning outcomes. For example, it can help learners develop inquiry-based
skills (Saab et al., 2012), or lead to knowledge acquisition and improved problem-solving
abilities during joint tasks (Dillenbourg, 1999). Moreover, collaboration is recognized as a
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key factor in the effectiveness of laboratory-based learning technologies (Corter et al., 2011).
Olson and Olson (2000) also highlight the importance of strong interpersonal bonds in deter-
mining the success of remote work. Therefore, embedding collaboration in VRLs is a critical
strategy for engaging students and ensuring the effective deployment of this technology. Yet,
VRLSs pose unique challenges for collaborative learning. As reported by Corter et al. (2011),
students working in remote laboratory environments require targeted support to collaborate
effectively.

Integrating collaboration into virtual and remote laboratories therefore requires inves-
tigating the field of computer-supported collaborative learning (CSCL). CSCL is a field
that involves many disciplines and consequently has a wide variety of theories and
frameworks (Hmelo-Silver & Jeong, 2021) without a common definition (Stahl, 2021). How-
ever, Stahl (2021) proposes a prototypical design of CSCL which is the following: "The vision
of CSCL advanced here is that students working in small groups can productively incorpo-
rate collaborative learning centrally in their schooling and in their intellectual development,
taking advantage of appropriate forms of computer support."”

From this, we can understand that the CSCL community is searching for optimizing the
potential of computer support in order to facilitate collaborative learning.

Some researchers have investigated how to support collaborative learning in VRLs. How-
ever, prior works on this topic have developed solutions that hardly rely on CSCL frameworks
and theories proposed by this community of research. In this paper, we study, through a sys-
tematic literature review, how CSCL is supported by the virtual and remote laboratories
developed in the last decade. The overall objective of this review is to assess to what extent
current VRLs support collaboration between students, as well as between students and teach-
ers, to identify the gaps that remain to be addressed by future research in this domain.

Related work

Prior research proposes a number of reviews on VRLs for education (Zhang et al., 2018; Chan
et al., 2021; Roda-Segarra, 2021; Raman et al., 2022), but these studies do not focus on the
support of collaboration within these learning environments. For example, Zhang et al. (2018)
focused on the techniques used to implement collaborative virtual laboratories and identified
different limitations, including issues related to the "feel of immersion, cost of system cre-
ation, and data acquisition methods" (Zhang et al., 2018). However, Zhang et al. (2018) did not
explore the means by which collaborative virtual laboratories can support collaboration. Chan
et al. (2021) carried out a systematic review of the literature focusing on virtual chemistry
laboratories. They concluded that this type of virtual laboratory is a good complementary tool
to hands-on laboratories, even though "learning theories or instructional support" have not
been sufficiently incorporated into the instructional design (Chan et al., 2021). Roda-Segarra
(2021) also conducted a systematic literature review about virtual laboratories during the
COVID-19 pandemic. He highlighted the predominant use of videoconferencing tools in
combination with other tools, and the limited use of immersive or virtual reality technologies
for virtual laboratories, but did not focus his study on collaboration support (Roda-Segarra,
2021). Raman et al. (2022) wrote a review of the virtual laboratories covering the years 1991
to 2021, focusing their analysis on the institutional authors who designed these laboratories.

A few publications examine collaboration in educational VRLs in more detail (Potkonjak
et al., 2016; Bhute et al., 2021; Oyarzun & Martin, 2023; May et al., 2023). Potkonjak et
al. (2016) conducted a review of virtual laboratories based on four criteria for evaluation.
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Among these criteria, the studied labs had to enable collaboration and communication among
students and with the supervisor. In particular, the 4th criterion stated: "A 3D laboratory space
must be created which allows for communication and collaboration among students and with
the lab supervisor (or expert in the field)." The review identified limited compliance with
this criterion—as well as with another—as a weakness among the labs examined. However,
collaboration is only superficially addressed in this review. The latter focuses more on the
laboratory space than on the implementation of collaboration and communication. Bhute et al.
(2021) reviewed publications about VRLSs, focusing particularly on their online collaborative
aspect and related techniques, although their main focus seems to be on data sharing and
communication between users. Nevertheless, one journal is exclusively dedicated to the
topic of "Online Learner Collaboration" (Oyarzun & Martin, 2023), which is related to
collaboration design in virtual environments and therefore more closely aligned with our
subject matter, although virtual and remote laboratories are not specifically addressed. Finally,
a review examined the design aspects of remote laboratories through social, technological,
and pedagogical heuristics that include collaborative aspects (May et al., 2023). This study
focuses on online laboratories in medical and dental education field as well as engineering
and aviation fields. Although the analysis covers a wide range of application fields, only a
small number of laboratories were studied. Moreover, it should be noted that the review is
not systematic.

We found no systematic literature review specifically dedicated to supporting collabo-
ration in educational VRLs. In light of these preceding examples, we therefore present a
complementary approach in the form of a systematic literature review, which is specifically
dedicated to collaboration support in VRLs for education.

Research goal and research questions

The objective of this systematic literature review is to study the tools and techniques
implemented in educational VRLs that facilitate and encourage collaboration among users.
Additionally, this review aims to investigate how the quality of collaboration is currently
assessed in VRLs. Therefore, three research questions have been identified:

RQ1: What are the learning areas and main properties of VRLs designed to support
collaboration?

RQ2: What tools and features are integrated into VRLs to facilitate and enhance collabo-
ration among users?

RQ3: What methods are used to evaluate the quality of collaboration and learning in
VRLs?

By answering these questions, our objective is to guide designers of educational VRLs
towards effective CSCL support.

Identifying analysis criteria based on CSCL theories

In order to analyse current VRLs in terms of collaboration support, it is necessary to study
the theoretical background on the cognitive and social mechanisms that produce effective
collaboration, as well as the technical criteria associated with facilitation of these processes.

Collaborative processes involve multiple levels of analysis, including cognitive processes,
individual characteristics, and collective behaviors (Bedwell et al., 2012). In the context of
CSCL, online collaborative tools (Herndndez-Sellés et al., 2019), as well as learning tools
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and strategies (Chen et al., 2018) all play pivotal roles. A central challenge in designing
collaborative learning environments is fostering effective interaction among students, teach-
ers, and content (Hernandez-Sellés et al., 2019), while also supporting meaningful learning
through well-designed affordances. Such affordances have the potential to promote collab-
orative learning (Jeong & Hmelo-Silver, 2016) by helping groups develop and maintain the
necessary skills and processes.

A number of studies have emphasized the importance of communication in both collabo-
ration and collaborative learning processes (De Pradaetal., 2022; Meier et al., 2007; Mateescu
et al., 2019; Chen et al., 2018). Communication can be defined as "the global exchange of
clear, precise information” (De Prada et al., 2022) and includes the common grounding pro-
cess. Common ground refers to the knowledge and context that we have in common with
others, and that we know we have in common (Olson & Olson, 2000). Therefore, communi-
cation support was mentioned by Jeong and Hmelo-Silver (2016) as an important affordance
to consider. The meta-analysis of Chen et al. (2018) also mentioned computer-mediated com-
munication as a tool used in CSCL to support learners’ interaction. Communication can be
synchronous or asynchronous, and take different forms such as text chat or videoconferenc-
ing (Jeong & Hmelo-Silver, 2016).

Coordination (Meier et al., 2007; Mateescu et al., 2019) and mental collaboration
scripts (Schnaubert & Vogel, 2022) are also important aspects of collaboration. Coordina-
tion refers to the management of resources and tasks sequences (Meier et al., 2007). Mental
collaboration scripts also refer to task management, corresponding to mental blueprints of
interactions, roles and tasks between group members. To illustrate, in a hypothetical chem-
istry laboratory setting, a group member could imagine a mental collaboration script in
which she assumes responsibility for the transfer of a substance into a flask, while the other
assumes the role of recording observations in the laboratory notebook. Regarding the notion
of coordination and mental collaboration scripts, Jeong and Hmelo-Silver (2016) identified
the structuring of collaborative learning processes as an affordance to be taken into consider-
ation. Indeed coordination and collaboration processes are not always obvious; students may
be interested in tasks unrelated to the purpose of the collaboration, or unwilling to partici-
pate (Jeong & Hmelo-Silver, 2016). The structuring of collaborative learning processes can
take the form of what we can call computational CSCL scripts. This type of computational
scripts is designed to structure collaboration by "defining sequences of activities, by creat-
ing roles within groups and by constraining the mode of interaction among peers or between
groups” (Dillenbourg & Tchounikine, 2007). This form of guidance, when used to support
students’ social interaction, assists them in overcoming superficial discussion and, conse-
quently, fosters deep reflection within the context of CSCL (Chen et al., 2018). Moreover,
online collaboration can increase the cognitive load of novice engineering students and con-
sequently their performance in collaborative problem-solving during virtual experimentation
activities. Computational collaboration script can help to reduce their cognitive load (Du et
al., 2023).

Schnaubert and Vogel (2022) also proposed group awareness as another psychological
prerequisite for successful collaborative learning. Group awareness refers to an understanding
of the activities of others, an awareness of group dynamics and characteristics. This awareness
is an essential prerequisite for the co-construction of knowledge within a CSCL context (Chen
etal., 2018). For example, in the hypothetical chemistry laboratory setting, the group member
responsible for writing the report can make sure that her partner pours the required amount of
product into the flask, thus demonstrating group awareness. Establishing group awareness can
be supported by tools integrated into CSCL environments. It can take the form of a feedback
regarding past performance (Strau3 & Rummel, 2023) or the form of a tool for visualizing
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the distribution of participation as a bar graph for example (Straul & Rummel, 2021, 2023).
These group awareness tools improve the group’s efficiency by providing information about
how the group works (Kirschner et al., 2018).

Finally, regulation has been outlined as an important skill for successful collabora-
tion (Schnaubert & Vogel, 2022; Hesse et al., 2015). Schnaubert and Vogel (2022) consider
self-regulation in particular, whereas Hesse et al. (2015) refer to social regulation. Self-
regulation can be defined as a form of metacognition, evaluation and personal adaptation
of one’s own learning process (Schnaubert & Vogel, 2022). In contrast, social regulation
is associated with the capacity for recognition and mitigation of biases that can potentially
impede group work (Hesse et al., 2015). We can group these notions together into an overall
notion of regulation, which refers to efforts to adapt and metacognise one’s processes and
biases in relation to the group. To illustrate, in the hypothetical chemistry laboratory setting,
if one member of the group realizes that she is participating much more than her peers, she
can then give the floor to her partners, thereby demonstrating regulation. Regulation can also
be encouraged by regulation tools, for instance through a combination of visual feedback on
participation distribution and adaptive collaboration prompts (Straul & Rummel, 2021) or
through a tool which displays questions to scaffold the group planning (Jarveld et al., 2015).
In the context of collaborative learning, feedback may also come from the teacher who then
supports the collaboration process of the students (Chen et al., 2018). This assistance fosters
the development of ideas, the building of knowledge and the motivation of students (Chen et
al., 2018).

While the tools previously discussed have shown positive effects on collaborative learn-
ing, it is essential that they be contextualized within their academic discipline. Disciplinary
context affects learning goals, which can be broadly categorized into three types: cognitive,
intrapersonal, and interpersonal (Chen et al., 2018). Cognitive objectives typically focus on
enhancing problem-solving skills aligned with task demands, and their specific nature varies
by discipline. These goals may involve programming in computer science (Aroraetal., 2017),
instrument control in networking (Carreon et al., 2018) or biology (Bochicchio et al., 2016),
or data analysis in fields like electronics (Callaghan et al., 2013) or astronomy (Aimran Wan
Mohd Kamil et al., 2019). In contrast, interpersonal goals emphasize social competencies
such as discussion, planning, and knowledge co-construction (Chen et al., 2018). As a result,
tools supporting collaborative tasks may differ according to the discipline, although the needs
in terms of interpersonal objectives remain relatively similar.

It is essential to provide learners with the necessary tools and affordances to facilitate
collaborative learning. However, it is also crucial to evaluate the quality of the collaboration
and learning to ensure that the implemented tools are effectively reaching their intended
objectives. Data collection and analysis in VRLs is of real interest, for example to better
understand performance during collaborative activity or to facilitate teaching based on the
information obtained (Birkeland et al., 2023).

Methodology
Search strategy
We conducted this literature review following PRISMA guidelines (Moher et al., 2009).

PRISMA is a set of evidence-based guidelines designed to improve the reporting of system-
atic reviews and meta-analyses. It provides a standardized framework that helps researchers
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clearly and transparently report their methods, findings, and interpretations, making it easier
for others to assess the quality and reproducibility of the reviews.

The search was conducted in March 2025 with 5 databases: ACM, IEEE, Springer, Sci-
enceDirect and Web of Science. We searched for papers using the following query on paper’s
titles and abstracts:

(collaborat*) AND ("virtual lab*" OR "remote lab*" OR "online lab*" OR "web-based
lab*")

This query worked directly on Web of Science. For other databases, we had to split this
query into several sub-queries in order to have a semantically equivalent search. We decided
to restrict ourselves to publications between 2011 and 2025, with 2011 chosen as the starting
point following the publication of Corter et al. (2011) of the same year. Indeed Corter et
al. (2011) emphasized the need to study the improvement of a group’s collective learning
process in remote laboratories.

A total of 590 papers were initially retrieved, with 6 papers in ACM, 156 papers in IEEE,
63 papers in ScienceDirect, 15 papers in Springer and 350 papers in Web of Science. After
removing duplicates, a total of 430 papers remained for screening.

Coding process

A shared Excel spreadsheet was used to facilitate the coding process, which was conducted
in three distinct stages:

1. The set of articles was evenly distributed among four coders. Each coder independently
read and analysed the articles assigned to them.

2. In the second stage, each article was reviewed a second time by a different coder to
ensure consistency and reliability of the coding.

3. Finally, a group discussion was held among all four coders to resolve any discrepancies
and reach a consensus on the coded values.

No additional tools or natural language processing (NLP) software were employed during
this process.

Inclusion and exclusion criteria

We set inclusion and exclusion criteria to filter the articles and keep only those relevant to our
research. These criteria are listed in Table 1. After screening with inclusion and exclusion
criteria, 62 papers were retained and 368 were eliminated. It should be noted that during the
screening stage, the readings were cross-referenced in order to reduce bias. Figure 1 shows
the different stages of our systematic review (following the PRISMA template of Page et al.
(2021)).

Analysis criteria

We analysed the 62 articles by coding the relevant analysis criteria, which were grouped into
categories and listed in a spreadsheet. By analyzing the articles based on these criteria, we
aim to answer the research questions raised. The following sections present the categories of
analysis criteria selected for our analysis.
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Table 1 Inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

Peer-reviewed conference or journal paper or Not a scientific publication

book chapter

The full text of the study is available Paper shorter than four pages
Paper written in English Review

Publication in the field of education No VRL presentation

Information about collaboration in a VRL VRL without collaboration support

Work in progress

System

We began with a category of analysis criteria called "System". The aim of this category is to
describe the virtual or remote laboratory presented in each publication. The analysis criteria
"Discipline" indicates the discipline concerned such as Chemistry, Physics, Electronics, etc.
The "Lab Type" criterion indicates whether the studied laboratory is remote, virtual, or
both. Figure 2 illustrates a virtual and a remote laboratory. In the virtual laboratory example
illustrated in Fig. 2a, virtual containers and machines can be manipulated by a virtual hand,
which is controlled by the learner, whereas in Fig. 2b, it is rather a real instrument that is
recorded and remotely operated through the interface.

The "Location" criterion defines whether users of the VRL are co-located, non co-located,
or both. For example, a non co-located VRL could be used by a peer of students who are
in their respective rooms, whereas a co-located VRL could be used by a peer in the same
classroom. The "Temporality" criterion provides information about the synchrony of learners’
work completion. Temporality is "synchronous" when users can be connected and perform
actions together simultaneously. For example, this could be the case with a chemistry VRL
where a student can fill a virtual flask in the laboratory at the same time as their partner is
writing in the virtual report. The Temporality is "asynchronous" when users can perform
actions on the application alone, without being connected to others. In the previous example,
the temporality would be asynchronous if students could connect to the chemistry VRL and
do their manipulations without waiting for the partner to connect. Temporality is "both" when
both cases are possible. The "Lifetime" criterion is "permanent" when changes to resources
are saved and the state of the lab is not reset from one connection to the next. The lifetime
is "temporary" if the lab returns to its initial state each time the user logs in again. For
example, an electronics laboratory would have a permanent lifespan if, after manipulating
electronic circuit components and disconnecting, a student could reconnect to the laboratory
at any time and find the electronic circuit in the same state as after modifying it. On the
other hand, this laboratory would be temporary if, after reconnecting, the student found the
electronic circuit in the initial state. If there is no information about the lifetime of the lab,
we set it as "unknown". We also defined a "Dimension" criterion to indicate the dimension
of the resources handled. The dimension is "2D" when the virtual resources are in 2D, "3D"
when the virtual resources are in 3D, and "video" when users view the resources via video.
Finally, the "Interaction trace" parameter indicates whether traces of user interactions with
the laboratory are recorded ("yes" or "no"). For example, a laboratory could keep track of
the time taken to complete a task, the number of attempts and the messages from a text chat.

Table 2 summarizes the analysis criteria of the "System" category we have chosen to
include in our analysis.
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[ Identification of studies via databases and registers ]

Records identified from
Databases (n = 590)

including: Records removed before
ACM (n=6) screening
IEEE (n =156) e Duplicate records removed
ScienceDirect (n = 63) (n =160)

Springer (n = 15)
Web of Science (n = 350)

4

Records screened > Records excluded
(n = 430) (n=0)

y

Reports not retrieved

Not written in English (n = 4)
Full text not accessible (n = 28)
No scientific publication (n = 11)

Reports sought for retrieval
(n = 430)

\4

Screening

v

Y el Reports excluded:
2e203r;s7;asessed for eligibility Shorter than four pages

(n=14)

Review (n = 30)

Work in progress (n = 2)
Not in the field of education
(n =43)

No virtual or remote

v laboratory presentation
(n=136)

Virtual or remote laboratory
without collaboration support
(n = 40)

No information about
collaboration (n = 60)

Studies included in review
(n=62)

[ Included ] [

Fig. 1 Flow diagram representing the different phases of the systematic review

FEUI Material Ch

(a) Virtual laboratory (Tripepi, 2022) (b) Remote laboratory (Restivo et al., 2009)

Fig.2 Examples of a virtual laboratory and a remote laboratory
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Collaboration

To learn more about the contribution of VRLs to collaboration and to answer our research
questions, we established a "Collaboration" category listing analysis criteria for analyzing
collaboration. Within this category, we chose to study both the type of collaborative tasks in
VRLs and the tools supporting collaboration within these VRLs.

First we established analysis criteria describing the type and form of tasks during collabo-
ration in the analysed laboratories. The "Group size" criterion relates to the size of the group
of students using the system, which can be "limited" by the application or "unlimited". The
criteria "Collaboration between learners" and "Collaboration between learners and teachers"
provide information about the presence or the absence of collaboration between these dif-
ferent types of users in the lab. The "Distinct roles between students" criterion, which can
be "Yes" or "No", indicates whether learners have explicitly different roles in the lab. For
example, one student may act as the manipulator while another acts as writer. The "Role
assignment" criterion specifies how roles are assigned ("By the system", "By the learner”,
"By the teacher", "Several possibilities", "No role", "Unknown"). For example, the system
could randomly allocate roles to group members and automatically change them for each
question in the VRL. Alternatively, learners could choose their roles, or the teacher could
predefine the roles for each group member. The "Task requiring several users" criterion is
"Yes" if tasks within the laboratory cannot be completed without the participation of several
users, and "No" if a single user could perform the task alone. For example, a virtual chemical
engineering laboratory may have different tasks (machine operation and supervision) that
need to be carried out simultaneously by different people, thus requiring several users.

Next, we established technical criteria to support effective collaboration in VRLs. These
criteria were based on the findings described in the “Identifying analysis criteria based on
CSCL theories” section of this paper. Following Jeong and Hmelo-Silver (2016), we defined
"Communication" as an analysis criterion for VRLs. This criterion refers to the presence
of communication tools within the system. Communication is "synchronous" when users
can communicate in real-time, "asynchronous" when messages can be sent and received at
different times, and "both" when both modes are possible. For example, communication is
considered synchronous if a pair can interact in real time via a voice call within the VRL. In
contrast, asynchronous communication could involve sending text messages to a partner or
instructor who is not currently connected to the platform, but who would receive and respond
to them later upon logging in—similar to how exchanges occur in a forum. The "Communi-
cation" criterion can also be "none" or "unknown" if there is no communication tool or if
it is unknown. When possible, the type of communication is identified with values such as

Table 2 System category

Analysis criterion Possible analysis criterion values

Discipline No preset value

Lab type "Remote"; "Virtual"; "Both"

Location "Co-located users"; "Non co-located users"; "Both"
Temporality "Synchronous"; "Asynchronous"; "Both"

Lifetime "Permanent"; "Temporary"; "Unknown"
Dimension "3D"; "2D"; "Video"

Interaction trace "Yes"; "No"
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non non non non

"audio", "text chat", "video", "other", "multiple artifacts" and "no type of communication"
in the "Type of communication" criterion.

Inspired by the concept of collaboration scripts and structuring (Schnaubert & Vogel, 2022;
Jeong & Hmelo-Silver, 2016; Dillenbourg & Tchounikine, 2007), we defined "Guidance"
as a criterion for evaluating VRLs. Guidance tools support the establishment of mental
collaboration scripts and collaborative activities by suggesting instructions or other actions.
For example, according to our definition, CSCL scripts are guiding tools, although we do not
limit ourselves to this technological solution for guiding collaboration. A guidance tool can,
for example, guide students by describing actions to be carried out or by blocking certain
functions while making others accessible. The "Guidance" criterion is "Yes" when an explicit
guidance tool is integrated into the system, "No" otherwise. The "Type of guidance" criterion
details how the system guides collaboration, whether through action blocking during the work
session ("action blocking"), collaboration scripts ("script"), manual guidance by the teacher
("manual guidance by the teacher"), or manual guidance by the student ("manual guidance
by the student"). For example, guidance by action blocking could take the form of a system
that prevents a learner from clicking on a simulation to give his partner the opportunity to
manipulate it. A collaboration script could consist of instructions asking one student to argue
in favour of a solution and another student to argue against it. The teacher could guide the
collaboration by prompting one student to explain their results to their partner. Finally, a
student could guide the collaboration by giving each classmate the floor in turn. If another
type of guidance is identified, the criterion can be "other". If no guidance tool is identified,
the criterion is "no type of guidance".

We also drew on the concept of group awareness tools (Schnaubert & Vogel, 2022) to define
"Group awareness" as a criterion for evaluating VRLs. This criterion refers to how the system
makes user and group status information visible, accessible, and understandable. The "Group
awareness" criterion can be "peer activities" if peer actions are made visible by the system,
such as trough notifications. It can also be "group performance" and "individual performance"
if performance information is visible, for example, with a dashboard. Other possible values
include "individual presence", "teacher presence" and "peer presence" which concern tools
that make the presence of individuals, peers or teachers visible, such as displaying avatars. If
a group awareness tool that does not make the presence, actions, and performance of others
visible exists in the VRL, the criterion can be "other". If several group awareness artifacts are
present, the criterion can be "several artifacts". When no group awareness tool is identified,
the criterion is “none”. The "Type of tool of group awareness" criterion provides more details
about the group awareness tool in the lab.

We used the concept of regulation from Schnaubert and Vogel (2022) and Hesse et al.
(2015) to define the "Regulation of collaboration" criterion. There is "Regulation of col-
laboration" when the system fosters regulation using specific tools. Collaboration can be
"regulated at the individual level" when the system helps each person collaborate more effec-
tively on a personalized one-to-one basis. It can be "regulated at the collective level", when
the whole group receives information on how to work together more effectively. It can also
be "regulated by the learners" when collaboration is regulated by the learners themselves,
"regulated by the teachers" when collaboration is regulated by the teachers, "other" if reg-
ulated differently, and "no regulation". The "Type of regulation" criterion details how the
system helps regulate collaboration. For example, the system can send individual notifica-
tions to alert users to over- or under-participation ("regulated at the individual level"). It can
also regulate the group at a "collective level" by sending a global notification encouraging
the group to divide tasks more evenly. Regulation by learners can occur when one learner
encourages another to collaborate more or when a learner regulates their own collaboration.
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Finally, a teacher can regulate collaboration by advising learners directly on task sharing or
participation.
Finally, an "Other collaboration tool" criterion allows for the mention of any additional
tool that fosters collaboration in the lab and is not included among the previously listed ones.
Table 3 summarizes the analysis criteria of the "Collaboration" category we chose to
include in our analysis.

Evaluation of collaboration and learning

We established analysis criteria to analyse the presence and type of evaluations of collabo-
ration and learning quality in VRLs. The "Purpose of the evaluation" criterion is filled if a
study evaluating the VRL is included in the analysed paper. This analysis criterion describes
what was evaluated, such as commitment, collaboration, or learning.

For each paper analysed, if collaboration was evaluated within the VRL, we further inves-
tigated how collaboration between users was evaluated and measured. The following criteria
are filled if the "Purpose of the evaluation" criterion concerns collaboration, i.e., if an article
evaluates the lab and includes an evaluation of collaboration. The "Data collected to measure
collaboration" criteria specifies whether the data collected during the study is qualitative
("qualitative"), quantitative ("quantitative"), both qualitative and quantitative ("both"), or if
no data was collected ("none"). For example, an evaluation of collaboration using a ques-
tionnaire with open-ended questions would collect qualitative data, while an evaluation of
collaboration based on the number of messages sent by each learner in a text chat would
collect quantitative data. The "Type of indicator" criterion further specifies the type of indi-
cator used to measure the quality of collaboration. This is a no preset value, as there are
a large number of possible indicators for assessing collaboration. An indicator could, for
example, be a questionnaire, a grade, time spent in the VRL by each person or messages in
a text chat. The "Results" criterion describes the results obtained when evaluating collabo-
ration within the VRL. For example, a study might conclude that students were significantly
more engaged in lab activities when the text chat was enabled. The "Study duration" and
"Number of participants" criteria specify the duration of the study and the number of partici-
pants involved. Finally, the "Level of education" criterion specifies the education level of the
students involved in the evaluation ("Primary school", "Secondary", "Higher", "Other").

To examine the impact of collaborative VRLs on learning, we introduced the "Learning
measure” criterion. This criterion applies when a publication reports a study that includes
an evaluation of learning within the VRL. It is designed to be open-ended, allowing coders
to specify the type of analysis or assessment method used. Additionally, the "Impact of the
VRL on learning" criterion is used to categorize the reported effect as "Positive," "Negative,"
"Neutral," or "Unknown."

Table 4 summarizes the analysis criteria of the "Evaluation of collaboration and learning"
category.

Results

This section summarizes the results obtained for each category of analysis criteria. It is
organized into sub-sections corresponding to each analysis category. Detailed tables showing
the coding scheme for each paper, along with their identification number are available in
Appendix A, Appendix B and Appendix C.
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Table 3 Collaboration category

Analysis criterion

Possible criterion values

Group size

Collaboration between learners

Collaboration between learners and teachers

Distinct roles between students

Role assignment

Task requiring several users

Communication

Type of communication

"Limited"; "Unlimited"

"YCS”; "No"
"YCS”; "No"
"YCS"; "No"

"By the system"; "By the learner"; "By the teacher";
"Several possibilities"; "No role"; "Unknown"
"Yes": "No"

"Synchronous"; "Asynchronous"; "Both";
"Unkown"; "None"

"Audio"; "Text chat"; "Video"; "Other"; "Multiple
artifacts"; "No type of communication"

Guidance "Yes"; "No"

Type of guidance "Action blocking"; "Script"; "Manual guidance by the
teacher"; "Manual guidance by the student"; "Other";
"No type of guidance"

Group awareness "Peer activities"; "Group performance"; "Individual
performance"; "Teacher presence"; "Peer presence";
"Several artifacts"; "Other"; "None"

Type of tool of group awareness No preset value

Regulation of collaboration "Regulated at the individual level"; "Regulated on a
collective level"; "Regulated by the learners"; "Reg-

ulated by the teachers"; "Other"; "No regulation”

Type of regulation No preset value
Other collaboration tool No preset value
System

Appendix A provides an overview of the disciplines involved in the analysed papers, revealing
a predominant focus on STEM (Science, Technology, Engineering, and Math), with fields
like electronics, computer science, chemistry, and mechanical engineering being particularly
well represented.

According to Fig. 3a, publications mostly concern virtual labs (n = 28, 45%), although
the distribution between remote and virtual laboratories is fairly even.

Figure 3billustrates the relative distributions of user location, showing that users are often
non co-located (n = 29, 47%) or that both location types are represented (n = 26, 42%). This
results confirms the value of VRLs for manipulating resources from different locations.

With regard to temporality, Figure 3cshows that synchronous connections are predom-
inant, with users having the possibility to connect and engage in real-time actions in the
majority of cases (n =56, 90%).

Most of the time, the laboratory’s lifetime information is unspecified according to Fig. 3d(n
=35, 57%). Results also show that the laboratories studied are usually 2D (n =27, 44%, see
Fig. 3e). Finally, interaction traces are stored in about one-third of cases (n = 22, 35%, see
Fig. 3f). Appendix A further detail the diversity of stored interaction traces, which include
metrics like scores and successes, time data, resource access logs, recordings, as well as
mouse and keyboard activity traces.
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Table 4 Evaluation of collaboration and learning category

Analysis criterion

Possible analysis criterion values

Purpose of the evaluation

Data collected to measure collaboration
Type of indicator

Results

Study duration

Number of participants

Level of education

Learning measures

Impact of the VRL on learning

No preset value

"Qualitative"; "Quantitative"; "Both"; "None"

No preset value

No preset value

No preset value

No preset value

"Primary school"; "Secondary"; "Higher"; "Other"
No preset value

"Positive"; "Negative"; "Neutral"; "Unknown"

Collaboration

This section describes results about collaboration among users in the analysed papers. Figure 4
shows group sizes in the analysed labs and the proportion of tasks requiring several users.
According to Fig. 4a, the distributions between limited (n = 24, 39%) and unlimited (n =21,
34%) size groups are close. The majority of the labs (n = 34, 55%, see Fig. 4) do not include
tasks that require several users (see Fig. 4b).

Figure 5 illustrates the proportion of publications in which the laboratory offers opportu-
nities for collaboration between learners, and between learners and teachers. Figure Sashows
that collaboration between learners is highly prevalent (n = 53, 85%). One laboratory does
not involve collaboration between students (Alghamdi et al., 2024), but this can be explained
by the fact that it is dedicated to collaboration between students and teachers. Collaboration
between learners and teachers, altough slightly less common, still appears in 57% of the
VRLs (n = 35), as depicted in Fig. 5b.

Figure 6 illustrates the proportion of VRLs in which distinct roles are assigned to students
and the mechanisms of role assignment. Figure 6ashows that students have distinct roles in
the labs in 29% of cases (n = 18). These roles are most commonly assigned by the learners
themselves (10%, n = 6), though assignment by the system (1%, n = 1), by the teacher (3%,
n = 2), or via multiple assignment possibilities (5%, n = 3) are also observed. However, in
81% of the publications (n = 50), role assignment is not specified, either because distinct
roles were not defined, or because this information was not provided.

Communication modalities in VRL environments, as presented in Table 5, reveal that
synchronous communication is the most frequent (n = 33), followed by VRLs that support
both synchronous and asynchronous modes (n = 15). Asynchronous communication alone is
present in only 2 publications, while 7 publications lack detail on communication modalities,
and 5 publications do not provide any communication tools at all. Figure 7 further details the
types of communication used, showing that most systems support communication through
multiple artifacts (n = 34), though audio-only (n = 4), text chat-only (n = 7), and other
communication types (n = 3) are also represented. For example, the CCLI Project, acomputer
networked virtual laboratory project, features text chat as acommunication tool (Dong & Guo,
2011). The virtual chemistry laboratory LeARn, for its part, enables voice communication
between its users in the virtual environment (Ahmed et al., 2021). The integration of these
communication tools has the advantage of facilitating discussions and explanations between
students, and thus building knowledge (Dillenbourg, 1999).
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Both Unknown Co-located
11% users
0%

Remote
40% Non co-located

users

47%
Both
42%
Unknown
7% Permanent
19%
Both
37% Synchronous
53% Unknown
57%
Temporary
24%
Asynchronous
3%
Unknown
Video
14%
2D No
44% 39%
(e) Dimension (f) Interaction trace
Fig.3 Results of the System category
Yes
16%
Unkn Unknown
27% 29%
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39%
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(a) Group size (b) Task requiring several users

Fig.4 Group sizes in laboratories and proportion of tasks requiring several users
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Unknown
13%

Unknown
No 24%
2%

Yes
57%

No
19%

Yes
85%

(a) Between learners (b) Between learners and teachers

Fig.5 Collaboration between learners and between learners and teachers

Another important aspect of collaboration that has been analysed is guidance. As a
reminder, in this paper, guidance is defined as tools that support the establishment of mental
collaboration scripts by providing instructions or suggesting actions. According to Table 6,
guidance tools are relatively uncommon, with only 13 VRLs incorporating them. When col-
laboration is guided, this can take the form of action blocking, collaborative script, or manual
guidance from teachers. For example, Arora et al. (2017) scripts collaboration between stu-
dents by proposing a division of tasks among students within the project in TMED-COG.
The teacher can use a dedicated module to assign a structured division of labor within a
project (Arora et al., 2017). Figure 8 presents an example from the TMED-COG system,
where four students are each assigned distinct programming tasks necessary for completing
the group project. However, the structure of collaborative guidance varies significantly by
discipline. For instance, the task allocation in TMED-COG’s computer science environment
contrasts sharply with that of Farah et al. (2015)’s electronics lab, where students must jointly
operate the same instruments remotely. This variability significantly influences how guidance
tools can be effectively implemented. It should also be noted that some laboratories incorpo-
rate task-oriented guidance but it is more oriented towards task completion without explicitly
targeting collaboration. For example, e-Labs features guidance via milestones imposed on
students (Bardeen & Wayne, 2016). However, it is not explicitly stated whether this guidance
concerns only the task or also collaboration on the task.

Subsequently, we analysed VRL with regard to group awareness functionalities (see Fig.
9). Figure 10 illustrates the types of information provided by group awareness tools in the
laboratories studied. Specifically, peer presence is visible in 10 laboratories, peer activi-
ties are visible in 9 laboratories, and 20 laboratories integrate multiple artifacts for group

By the system By the learner
Unknown oA 0%
21%

By the teacher
3%
Several
possibilities
5%

No role or
No unknown
50% 81%

(a) Distinct roles between students (b) Role assignment

Fig.6 Roles in laboratories
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Table 5 Communication tools covered in the reviewed publications

Communication Number of publications References (ID nr. from Appendix A)

Synchronous 33 1,2,3,9,10, 11, 13, 15, 16, 17, 20, 21, 23, 24, 25,
29, 30, 32, 34, 38, 40, 41, 42, 43, 45, 46, 48, 49, 51,
52,54, 58,59

Asynchronous 2 31,62

Both 15 8,14, 18,19, 22,26,27,28,37, 39, 53,56, 57, 60, 61

Unknown 7 4,5,6,12,33,44,47

No communication 5 7, 35, 36, 50, 55
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34
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Audio Text chat Video Other Several None Unknown
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Fig.7 Types of communication tool in laboratories

awareness. For example, the online electronics lab Circuit Warz supports group awareness
through scoreboards, allowing the performance of group members to be visualised in real
time (Callaghan et al., 2013) (see Fig. 9). The virtual computer laboratory eGuru has a group
awareness tool in the form of coloured circles to visualise the presence of peers (Arora et
al., 2022). The implementation of these presence and performance awareness tools, by pro-
viding information about the group, is expected to improve its effectiveness (Kirschner et
al., 2018) and co-construction of knowledge (Chen et al., 2018). Notably, teacher presence,
group performance, and individual performance indicators, are never implemented as stand-
alone tools, they are always present with other awareness tools. This can be explained by the
need to complement this information with additional data; for instance, group performance
holds limited value if we lack insight into the individual actions taken to achieve or enhance
that performance. In addition, we did not identify any group awareness tools in 22 VRLs.
Seven of these don’t incorporate group awareness tools, while 15 publications do not indicate
whether these tools are present.

According to Table 7, tools enhancing regulation for collaboration are very rare in VRLs.
Indeed a total of 8 laboratories have been identified as containing such tools. Among these,
3 VRLs include tools that facilitates regulation by learners, while the remaining 5 VRLs
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Suman working on initializeBoard.java

1: package gameBoard;
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2: public class initializeBoard

Snake (int start, int end, int color)

startPosition= start;
endPosition= end;
colorElement= color;

TMED:Monitor Live View

Project Name: SnakesAndLadders

Team Name: TeamCQP
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public class Ladder {
int startPosition;
int endPosition;
int colorElement;
Ladder (int start, int end, int color)

{

startPosition= start;
endPosition= end;
colorElement= color;

Fig.8 View of the team showing the division of tasks in TMED-COG (Arora et al., 2017)

Table 6 Guidance tools covered in the reviewed publications

Number of publications

References (ID nr. from
Appendix A)

Guidance Sub-category

Yes Script Blocking By the teacher
Other Unknown

No

Unknown

43421

6, 19, 38, 54 24, 34,43 9, 18,
30,48 37,39 1

2,3,7,8, 10, 11, 12, 13, 14,
15, 16, 17, 20, 21, 22, 23, 25,
26, 27, 28, 29, 31, 32, 35, 36,
41, 42, 44, 45, 46, 49, 50, 52,
53, 55,57, 59, 60, 61, 62

3,5,33,40,47, 51, 56, 58

support regulation by teachers. Regarding this last option, in TMED-COG, teachers can
regulate collaboration by messaging students directly (Arora et al., 2017). In Lab@Home,
teachers act as regulators by distributing tasks among students (Saliah-Hassane et al., 2011).
This approach is consistent with findings from (Chen et al., 2018), who argue that teacher
feedback enhances idea generation, knowledge development, and student motivation. In
the remote lab developed by De La Torre et al. (2013), a designated “director” controls
which user may interact with the system at any given time, creating a unique form of turn-
based collaboration regulation. While this method may be effective in fields like control
engineering that require shared use of resources, it is less suitable for scenarios such as in
TMED-COG’s computer science environment, where each student works independently and
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Fig.9 Group awareness through scoreboards in Circuit Warz (Callaghan et al., 2013)
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Fig. 10 Types of information provided by group awareness tools in laboratories

concurrently (Arora et al., 2017). As with guidance mechanisms, the design of regulatory
tools must be tailored to the specific needs and practices of the discipline.

Finally, we note the presence of additional collaborative tools in some VRLs, as detailed in
Appendix B. These tools may include note-taking applications, for example. In addition, some
VRLs are integrated with other platforms such as Gitlab, Teams, Moodle, Adobe Connect,
or Zoom. These platforms may provide additional features for collaboration.

Evaluation of collaboration and learning

To address RQ3, we analysed the evaluation of collaboration and learning in educational
VRLs. The results are shown in Appendix C.

Figure 11 shows the types of studies among all publications and the types of data collected
in studies focused on collaboration. It has to be noted that 31% of publications (n = 19)
included a study to evaluate collaboration among users (see Fig. 1 1a) and among these studies,
53% (n = 10) relied exclusively on qualitative data, while 37% (n = 7) used only quantitative
data. A smaller subset of studies, 10% (n = 2), adopted mixed-methods approach and used
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both qualitative and quantitative data (see Fig. 11b). Additionally, 48% of publications (n =
30) included evaluation studies, though these were unrelated to collaboration (see Fig. 11a).
Finally, 21% of publications (n = 13) did not incorporate any evaluation at all (see Fig. 11a).

The evaluation of collaboration employs a variety of indicators, as detailed in Appendix C.
Questionnaire data emerges as a frequent metric, while behavioral data, such as learning
outcomes are analysed in some cases, as demonstrated in Dutton (2023). Additionally, Du et
al. (2023) collected physiological data, measuring the mental load induced by collaborative
problem-solving through an EEG system. It should be noted, however, that physiological
measures such as EEG do not assess collaboration quality but rather provide insight into
cognitive load during collaborative task. Finally, all the studies that include collaborative
data analysis and provide information on the educational level of students, involve higher
education students (see Appendix C).

To address RQ3, we also analysed the evaluation of learning in educational VRLs. As
shown in Appendix C, of the 62 laboratories examined, 26 studies focused on determining
the effect of the collaborative VRL on learning, which is more than the number of studies
on collaboration. The indicators used to measure learning are diverse, including question-
naires, feedback, tests, grades and task completion metrics within the VRL, as detailed in
Appendix C. These indicators are either self-reported or based on performance during the
task.

Figure 11cshows the impact of the VRL on learning for all laboratories that included a
study on learning outcomes. Among these laboratories, 84% (n = 22) have a positive impact
on learning (see Fig. 11c). The preponderance of favorable outcomes indicates a positive
impact on student learning outcomes attributed to collaborative online laboratories.

Finally, it should be noted that the study of collaboration and learning can be combined
in a publication. A notable illustration of this is found in Teng et al. (2024)’s analysis,
where the grades on the tasks performed in the laboratory are compared across different
collaborative modalities. Teng et al. (2024) concludes that students who first collaborate and
then complete an activity individually in the VRL are more successful than students who
complete an individual task first and then collaborate. Learning outcomes are also analysed
to evaluate the impact of collaboration on student success in the VRL of Dutton (2023).

Table 7 Regulation tools covered in the reviewed publications

Regulation of collaboration Sub-category Number of publications References (ID nr.

from Appendix A)

Yes By teachers By 53 6,9, 38,45,57 17,
learners 59, 60

No 39 2,4,7,10, 11, 12,

13, 14, 15, 16, 19,
20, 21, 22, 25, 26,
28, 29, 30, 31, 32,
34, 35, 36, 39, 41,
42, 43, 44, 46, 48,
49, 50, 52, 53, 54,
55, 58, 62
Unknown 15 1, 3, 5, 8, 18, 23,
24,27, 33, 37, 40,
47,51, 56, 61
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Discussion

The integration of CSCL findings into educational VRLs represents a promising avenue of
inquiry. To investigate this integration, we conducted a systematic literature review examining
how past and present educational VRLs support collaboration.

RQ1: What are the learning areas and main properties of VRLs designed to support
collaboration?

The investigation began with an examination of the main characteristics of collaborative
VRLs. We found that the majority of publications focus on VRLs in the field of science,
technology, engineering, and mathematics (STEM). This can be explained by the fact that
these areas inevitably require the acquisition of skills through laboratory exercises. It is
also conceivable that this over-representation of STEM subjects reflects a lack of interest
among researchers from other disciplines in the design of VRLs within their respective
fields. However, this prevalence of STEM subjects may also be perceived as a limitation of
our study, as the under-representation of other disciplines may be attributed to our selection of
terms and analysis criteria. For instance, in other fields such as health, the term "simulation”
is used rather than "virtual laboratory" (Bracq et al., 2019). This can explain why STEM-
related disciplines stand out in this study. However, while the majority of the disciplines were
in the STEM field, it is important to note that the latter encompassed subjects as diverse as
computer science, electronics and biology. These differences in terms of discipline have an
impact on the learning objectives and the implementation of task support tools, in particular
tools for guiding and regulating collaboration when the latter are task-oriented. Furthermore,
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none of the reviewed laboratories were fully co-located. This confirms the need for tools
that encourage remote collaboration. Most VRLs are synchronous, two-dimensional, and
often omit details on their operational lifetime. The prevalence of 2D labs is consistent
with the findings from Roda-Segarra (2021), which indicated that only 1 virtual laboratory
incorporated immersive technologies. We could explain this observed preference by the fact
that 3D environments require high-performance computers, or by the fact that 3D is more
often linked to terms like “simulation” or “immersive” than with “laboratory”. In some
instances, VRLs incorporate user interaction traces. Such traces can be employed for the
analysis of behaviors, including the quality of collaborative learning between users.

RQ2: What tools and features are integrated into VRLs to facilitate and enhance
collaboration among users?

We then focused on the affordances supporting collaborative skills whitin VRLs. It is note-
worthy that the great majority of laboratories allowed for collaboration between students,
whereas student-teacher collaboration was less supported. This can be explained by the fact
that integrating collaboration into a group of students has pedagogical benefits in terms
of developing teamwork skills and building knowledge among members (Duit & Treagust,
1998), whereas collaboration with the teacher is more based on an occasional support role. An
area for improvement for VRLs designers could therefore be to explore the pedagogical bene-
fits of student-teacher collaboration more deeply. Regarding collaboration tools, synchronous
and mixed synchronous/asynchronous communication tools are prevalent, which is consis-
tent with the observation that the studied laboratories are predominantly designed for use in a
synchronous manner. Furthermore, it can be inferred from this outcome that communication,
an important aspect of collaboration, is due consideration in the laboratories. Group aware-
ness tools, which help students track peers’ presence and activities through online members
lists, video calls and shared workspaces, are also well-represented (see Appendix B). This
type of tool is very present in online collaborative platforms in general, which may explain
their predominance in the studied VRLs. The successful integration of communication and
group awareness tools in VRLs is promising, as it helps to establish and maintain common
ground, a foundational component of effective remote collaboration (Olson & Olson, 2000).
Facilitating shared understanding and mutual awareness among participants is essential to
fostering productive collaboration and learning. However, we noted that performance aware-
ness tools are less common (see Appendix B), and could be beneficial in future VRLs. We
also observed a lack of functionalities designed to guide collaboration. Most VRLs sim-
ply give students the task statements and leave them to work on their own without further
instructions. Collaboration instructions may be given by the teacher, such as on the distri-
bution of the tasks among students, but the VRLs rarely include mechanisms to facilitate or
automate this process. This lack of structured guidance tools could limit the effectiveness of
collaborative learning within these platforms, as students may struggle to achieve optimal
coordination and engagement on their own. Implementing automated guidance features, such
as role assignment or task distribution support, could enhance collaborative processes, ensur-
ing that students can engage in more organized and meaningful joint activities. Additionally,
very few VRLSs incorporate tools for regulating collaboration. We can explain this by the fact
that the VRLs studied are aimed at expert students (third year and above) and not novice
first-year students. Future research should further examine the integration of collaboration
guidance and regulation tools in VRLs. These features are likely to enhance students’ abil-
ity to coordinate effectively and achieve learning objectives. However, their implementation
should always be considered in light of the specific disciplinary context, as task types and
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collaboration structures may vary considerably. This diversity in task demands could partly
explain the limited deployment of such tools in some VRLs.

RQ3: What methods are used to evaluate the quality of collaboration and learning in
VRLs?

It has been observed that one-third of the papers included a study to assess the quality of col-
laboration. In addition, just over one-third of the publications mention the impact of VRL on
student learning. These studies exclusively involved higher education students. This observa-
tion is encouraging in that it suggests a willingness to assess collaboration and learning within
laboratories, which is an important indicator of the effectiveness of integrated collaborative
tools. However this result is not entirely satisfying as many papers did not include assess-
ments of collaboration or learning. This outcome aligns with the observation of Birkeland et
al. (2023) regarding the dearth of research on learning analytics for collaborative VRLs. Thus,
it may be worth expanding this aspect to improve our understanding of VRLs effectiveness.
We also noted that qualitative data, mostly collected through questionnaire, is predominant
for evaluating collaboration. We can explain the predominance of questionnaires by their
simplicity despite collecting only subjective data. Furthermore, there are very few studies
that integrate physiological data for assessing collaboration, potentially due to the logistical
complexity of obtaining such data. Nevertheless, integrating physiological data, particularly
neural data, into the field of Technology-Enhanced Learning (TEL) is a promising avenue
of research, whether for the purpose of improving teaching tools or for gaining a deeper
understanding of neurocognitive processes (Howard-Jones et al., 2014). Evaluation of learn-
ing in VRLs often relies on self-report questionnaires and performance-based assessments
such as tests or analysis of in-system activities. Our review reveals a predominantly positive
effect of collaborative VRLs on student learning—an outcome that supports the conclusions
of Chen et al. (2018), whose meta-analysis demonstrated greater knowledge gains in CSCL
settings compared to individual computer-supported learning. Thus, collaboration in VRLs
represents a critical factor in improving learning outcomes and warrants further attention in
both research and measurement.

Implications and recommendations for future research

The present review identified both strengths and limitations in current VRL implementations.
To address these issues, we recommend that future research explicitly incorporate tools for
guiding and regulating collaboration—provided these features align with the needs of the rele-
vant discipline. Such tools have the potential to improve the collaborative process and, in turn,
enhance learning outcomes. This argument is consistent with the theoretical underpinnings
of distributed cognition (Hutchins, 2000), social constructivism (Leinonen et al., 2000), and
Vygotsky’s socio-cultural theory (Vygotsky, 1978). Lastly, given the predominantly quan-
titative nature of our review, we suggest a greater focus on qualitative research to explore
overlooked aspects in greater depth.

Limitations

It bears noting that our study is not without limitations. First, our selection of analysis criteria
is not exhaustive and could have included several other aspects of collaborative learning. For
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example, Jeong and Hmelo-Silver (2016) included other affordances that foster collaboration
such as "Establishing a joint task", "Sharing resources", "Engaging in co-construction" and
"Finding and building groups and communities". Future research might explore these aspects
in VRLs, investigating the task types, the strategies employed to share resources, the tools
utilized to establish and maintain a common ground, and the methods used to form groups.
While this approach may have resulted in a less comprehensive analysis of collaboration,
we decided to focus our investigation on the analysis criteria that we deemed most pertinent
to the research questions. Another limitation concerns our inclusion and exclusion criteria.
For example excluding non-English publications may have reduced the number of studied
VRLs. Additionnally, excluding articles not talking about education is also restrictive and
has eliminated a great deal of papers talking about collaborative laboratories. However it was
also important to keep this criterion since our study is about educational laboratories.

Conclusion

The integration of a collaborative dimension within VRLs is identified as a crucial strategy
for engaging learners in the process of learning. This systematic literature review analysed
published research on educational VRLSs between 2011 and 2025, highlighting in particular
their contribution in terms of providing tools that foster collaboration between learners and
between learners and teachers. To ensure that the collection of articles was conducted in a
rigorous manner, we followed the PRISMA methodology, resulting a final set of 62 papers
that were selected and analysed. To guide our analysis, we established specific criteria clas-
sifing them into distinct categories. The "System" category provided a detailed technical
description of each laboratory and addressed RQ1. The "Collaboration" category addressed
RQ2 by examining the ways in which users collaborate in these VRLs, as well as the presence
of tools designed to facilitate such collaboration. Based on a review of relevant collaboration
theories, we identified analysis criteria such as the presence of communication tools, group
awareness tools, guidance tools and regulation tools. Finally, the "Evaluation of collabo-
ration and learning" category enabled us to examine the studies that assess the quality of
collaboration and learning within VRLs and therefore to answer RQ3.

We observed that laboratories often incorporate communication tools and group awareness
tools which support interaction and awareness of peer activity. However, functionalities aimed
at guiding and regulating collaboration are notably underrepresented. Additionally, studies
that evaluate collaboration quality are present in only about one-third of the laboratories
studied, whereas the impact of the VRL on learning is evaluated in more than one-third of
the publications. These findings allowed us to identify both the strengths and weaknesses of
collaboration in VRLs, pointing to areas for future improvement. We recommend that future
research into VRLs design include robust tools for collaboration guidance and regulation and
that their impact be evaluated in dedicated studies.

It should be noted that the review has limitations. For example, the analysis criteria are
not exhaustive. Future work could incorporate new analysis criteria, such as the way in
which resources are shared in educational VRLs. Finally, only educational laboratories were
included, as the focus was on this particular laboratory use case.
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