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Abstract—What is the current state of educational research
regarding Cross-Reality Laboratories in Germany? To answer
this question a large scale literature survey was conducted on the
IEEE Xplore database. The survey yielded 323 papers, 55 (17%
of all surveyed papers) of which were investigated in detail after
application of inclusion and exclusion criteria. We evaluated for
Cross-Reality type, Didactic model, discipline, evaluation results,
as well as target education level. We can conclude that research on
these Laboratories is a current focus. However, some weaknesses
were identified, namely that over half of the papers do not include
a didactic concept and research on newer technologies (Take-
Home Lab, AR, Ultra-Concurrent Lab) is still lacking.

Index Terms—Cross-Reality Laboratories, Didactic Concepts,
Literature Survey, Laboratory Education

I. INTRODUCTION

Laboratories in (higher) education have a long history.
Laboratory education dates back to the 19th century [2, p.
202]. Over the centuries Laboratories were used, Laboratories
(e.g., see [3]) and Laboratory education (e.g., see [2], [4], [5])
has changed drastically. With the introduction of digital tech-
nologies, new types of so-called Cross-Reality Laboratories
(see Sec. III-A for a definition) have risen to importance [6,
pp. 4-5]. These new kinds of Laboratory bring new advantages
(e.g., 24/7 availability, growth potential with increasing student
numbers, or safety; see [7]) to education, although some chal-
lenges still exist for implementing them (e.g., reduced student-
instructor contact time, see [7]; or providing a laboratory
experiment with the same degree of freedom as a Physical
Laboratory, see [8]).

Since these Cross-Reality Laboratories seem useful and
helpful for education, they should be researched. However,
digitalisation in higher education in Germany is lagging behind
[9], where only a limited number of digital tool are being
used and learning management systems being perceived as
the most useful tools [10]. In this context, we want to
find out how far Cross-Reality Laboratories are researched

This research was part of the project Flexibel kombinierbare Cross-Reality
Labore in der Hochschullehre: zukunftsfähige Kompetenzentwicklung für ein
Lernen und Arbeiten 4.0 (CrossLab) [1], which is funded by the Stiftung
Innovation in der Hochschullehre, Germany.

in Germany. Specifically, we want to answer the following
research questions:

RQ1 To which degree are Cross-Reality Laboratories present
in German education research?

RQ2 How are Cross-Reality Laboratories researched in Ger-
man education research?

II. RELATED WORK

Literature surveys are an often employed tool to gain insight
into the current status of research area, including in education
research. For example, Gardner et al. investigated non-formal
computer science education in K-12 [11], whereas Pires et
al. surveyed aptitude to learn programming [12]. Surveys also
investigate methodologies, not only content, as done by Sabri
et al. [13]. Renner et al. give a comprehensive overview over
the current approaches to literature surveys [14].

A special mention should go to works such as by Torres
Gómez et al. [15], who have a similar goal as to investigate
general trends in German engineering education. On the other
hand, several studies investigate literature that compares re-
mote, simulated, and traditional Laboratories in an educational
context, e.g.: [16], [17], [18], [19].

Cooper [20] defines a scheme for categorising different
types of literature surveys according to six categories. We can
apply this scheme to our study as follows:

• Focus: research outcomes; practices or applications
• Goal: integration
• Perspective: neutral representation
• Coverage: exhaustive
• Organisation: conceptual
• Audience: specialized scholars

III. RELEVANT CONCEPTS

This sections briefly presents key concepts relevant for this
study, namely Cross-Reality Laboratories and didactic models.

A. Cross-Reality Laboratories

As this study investigated the state of Cross-Reality Labor-
atories in Germany, some structured understanding of the
concept of “Cross-Reality Laboratory” is needed. We decided



to align ourselves with the different types of Laboratories as
outline by May et al. [21, p. 795f]:

• Take-Home-Laboratories feature some portable setup
that students can take with them to use at their
own leisure, usually in combination with their own
PC/tablet/mobile device or such.

• Augmented Reality Laboratories utilize AR technolo-
gies to supplement a Physical Laboratory with additional
information, such as displaying telemetry or visualizing
normally invisible processes, e.g., fluid currents and tur-
bulences.

• Remote Laboratories utilize the internet to grant remote
access to Physical Laboratory setups, e.g., by remote-
controlling a robot arm.

• Ultra-concurrent Remote Laboratories substitute Phys-
ical hardware through (multiple) pre-recorded experi-
ments, both video and results, for a given input config-
uration.

• Virtual Laboratories employ VR and simulation soft-
ware to conduct experiments without relying on any
Physical Laboratory equipment.

B. Didactic Models

To categorise the didactic model a Laboratory employs,
some form of framework or taxonomy of didactic world views
is needed. We decided to apply the works of Terhart [22]
as framework, resulting in six different models into which a
Laboratory may be sorted. Terhart categorizes three of his six
didactic models as a traditional school of thought [22, pp.
15-20]:

• Theory of Education (Bildungstheoretische Didaktik):
Teaching-Learning-Activities (TLAs) are defined by be-
ing well-planned out and thoroughly structured; content
is combined in sensible contexts; and education is un-
derstood as a means of to facilitate maturity and cultural
understanding of students.

• Theory of Learning (Lerntheoretische Didaktik): A TLA
respects the individual starting point of each learner. In
addition, based on empiric educational research, Goals,
Contents, Methods and Means of a TLA interact with and
influence each other. Instruction serves as goal-oriented
organisation of teaching-learning-processes.

• Communicative Didactics (Kommunikative Didaktik): A
communicative TLA is not centred around its content or
organisation but rather around the processes and influ-
ences of social interaction within the learning context.
The focus thus shifts from instruction to interaction
with the goal of establishing communication on eye-level
between every actor within the learning space.

The other three types are grouped as Neuanfänge, which
may best be translated as “restart”, “comeback” or “new
beginning”; however, here it is used to mean innovation or
new approaches [22, p. 13; pp. 20-27]:

• Constructivism (Konstruktivistische Didaktik): Con-
structivism postulates that all knowledge is not absolute

but a construct, and similarly that learning is an act
of (communal) construction. Instruction increases the
probability of learning but doesn’t directly cause it, and
any and all learning outcomes are to be seen as successes.
It shares some similar viewpoints with communicative
didactics.

• Learning Path Didactics (Bildungsgangdidaktik): Stu-
dents are assumed to acquire content knowledge only
when they assign individual meaning to it. Thus, while
standardized educational paths based on objective societal
norms are offered, each learner finds their own individual
way through the learning process.

• Neurodidactics (Neurodidaktik): Based on constructiv-
ism, this approach utilizes insights from neuroscience
and psychology by taking the learning environment and
circumstances of students into consideration to scaffold
cognitive development and knowledge gain. The focus is
on learning methods rather than teaching methods.

Please note that according to this definition, organisational
concepts like Project-Based Learning and Problem-based
Learning [23] alone do not count as a didactic model. Such or-
ganisational concepts allow for different didactic models (e.g.,
see [24, p. 531f]). When implementing such an organisational
model, one still needs a theory of learning and therefore a
(separate) didactic model.

IV. METHOD: CONDUCTING THE LITERATURE SURVEY

This section describes how the literature survey was con-
ducted.

A. Query and Platform

To identify the current status of educational research in
Germany, we included the conferences listed by the IEEE Edu-
cation Society1. We chose the IEEE Education Society since
we believe this scope can give a more representative overview
over German research in contrast to an outlet more focusing on
Cross-Reality Laboratories (such as the conferences organised
by the International Association of Online Engineering). In
addition, the two journals IEEE ToE: Transactions on Edu-
cation and IEEE TLT: Transaction Learning Technologies of
the IEEE Education Society were included2. To include recent
publications, we searched on IEEE Xplore for all publication
with at least one author with German affiliation between 2020
and 2024. For the exact Command Search string used, see Fig.
1. The search was conducted on Feb. 18th 2025.

B. Inclusion and Exclusion Criteria

The following criteria were used to determine whether a
paper was included in the study.

1https://ieee-edusociety.org/conferences/about-conferences, last accessed
2025-04-02. Please note that the LWMOOCs changed its name to DEMOcon,
hence we only included DEMOcon in the survey.

2Since IEEE Access is not primarily focused on education and IEEE
Revista Iberoamericana de Tecnologı́as del Aprendizaje focusses on the Ibero-
American community, those journals were not included despite listed by the
society.

https://ieee-edusociety.org/conferences/about-conferences


(((
(

("Publication Title":EDUCON) OR
("Publication Title":"Frontiers in Education") OR
("Publication Title":"Transactions on Education") OR
("Publication Title":"GeCon") OR
("Publication Title":"Transaction on Learning Technologies") OR
("Publication Title":"EDUNINE") OR
("Publication Title":"TALE") OR
("Publication Title":"TALE") OR
("Publication Title":"DEMOcon")

)
AND ("Affiliation":Germany)

)))

Figure 1: Command Search string used in IEEE Xplore. Unfortunately, TALE was included twice in the string. This should
not impact the results. This was only found after most of the study was done. For reproducibility purpose, we want to present
the search query exactly as used. After the search, the years 2020 to 2024 were selected manually in the IEEE Xplore web
page.

• Inclusion 1: German or English Language. Since all
papers are taken from IEEE Xplore, it is expected that
all papers fulfil this criterion.

• Inclusion 2: Paper describes either a Laboratory
or something done in a Laboratory. A Laboratory
is defined for the purpose of this study as a place
for a practical activity where workers or learners can
achieve one or more of the learning outcomes of [25]
by performing the activity.

• Exclusion 1: Not a Cross-Reality Laboratory. A Cross-
Reality Laboratory is either a Laboratory as described
in [21] (see Subsec. III-A) or a new type of Laboratory
which differs from a traditional, Physical Laboratory.

• Exclusion 2: No concrete description of a Laboratory.
A Laboratory is described to a reasonable degree if and
only if something reasonably similar can be recreated by
adhering to the provided description.

C. Analysed Variables

To answer our research question as defined in RQ2, the
following variables are collected:

V1 Type of Cross-Reality Laboratory (see Subsec. III-A)
V2 Didactic model (see Subsec. III-B)
V3 (Scientific) discipline(s) in which the Laboratory is em-

ployed3

V4 Evaluation efforts and corresponding results
V5 Educational level (K-12, degree programme, study

semester, ...)

Since a Laboratory can combine multiple Cross-Reality
types, for V1, a single Laboratory may be labelled with all
applicable types. In addition, since Laboratories might contain
parts from traditional settings (e.g., by combining simulation
and physical assembly), a label for Physical Labs has also
been included.

3If a paper only defines STEM (or similar subject groupings) it is categor-
ized as unknown discipline since we cannot clearly identify the addressed
target groups.

For V2 we also noted that not all Laboratories have their di-
dactic model described. Additional manifestations have arisen
during the study, see Sec. VI-A.

V3, too, allows for multi-labelling since like V1, since a
Laboratory may be employed in several disciplinary contexts
or even interdisciplinarily. Furthermore, as no external frame-
work to define a catalogue of disciplines was used, the value
space for V3 was extended inductively over the course of the
survey. Again, some Laboratories have no clear description of
their target audience.

The purpose of V4 is to identify whether, in general, Cross-
Reality Laboratories have a positive effect on learning. As
most evaluations presumably differ from each other method-
ically and thus cannot be directly compared, only the general
tendencies of the results are analysed4. Since a paper can have
multiple variables which can have different results, it might at
the same time have positive, inconclusive, and negative results.

Finally, V5 is used to fuel a discussion about the different
educational levels Cross-Reality Laboratories are used with
and to compare them against each other. We differentiate
between different levels in the Bachelor’s degree (or un-
dergraduate), Master’s degree (or graduate), schools (K-12),
vocational training, and for academic staff.

V. RESULTS

For our literature survey, we were able to extract a total
of 323 papers from IEEE Xplore. From these, a total of 55
(≈17%) matched our inclusion and exclusion criteria (see Sec.
IV-B) which were analysed further.

For V1: Most of the included studies were concerned with
Virtual Labs (see. Fig. 2a), with Remote Labs following at
a second place. Take-Home Labs, AR and Ultra-Concurrent
Labs all have under 10 mention. A special note should go
to [36] who presented a Remote Presentation Laboratory
where the experiment is shown and executed by an instructor
and interactivity is created by quizzes and similar activities,
which is a kind of Cross-Reality Lab which did not fit into

4This also sidesteps issues like [26], [27] when directly comparing results.



(a) Distribution of the different Laboratory Types found by the
survey.

(b) Didactic Models addressed by the surveyed studies.

Figure 2: Distribution of Laboratories over the Laboratory
Types (III-A) and Didactic Models III-B.

the categories of [21, p. 795f]. Physical Laboratories can
not occur alone because of IV-B, so we can look at which
combinations are most often occurring with Physical Labs.
Twelve papers reported Physical Labs combined with Virtual
Labs and two reported Physical Labs combined with Remote
Labs.

For V2: We can see in Fig. 2b that more than half of the
papers do not include a didactic model as defined in Sec.
III-B. Of those who have a didactic model, almost all used
constructivism.

For V3: Fig. 3a shows that almost all Laboratories were
either in engineering or computer science. Besides those,
we found Cross-Reality Laboratories in chemistry, medicine,
economy, psychology, and mathematics.

For V4: Of the studies that reported any form of evaluation,
32 reported positive results, two reported negative results, and
six were inconclusive. As evaluation methods go, the most
preferred by far was survey, with trial, (teachers’) observation,
interview, and technical analysis all being used by less than
10 papers.

Finally, for V5: Most Laboratories are used in higher
education (see Fig. 3c), with vocational training, K-12 and
academic staff all being addressed by less than 10 papers.

(a) Disciplines in which the Laboratories are used.

(b) The different types of evaluation presented in the surveyed
studies.

(c) The educational levels addressed by the labs.

Figure 3: Distributions of the surveyed studies over V3-V5.

VI. DISCUSSION

Based on the results, we can answer our research questions.
For RQ1, we can conclude that Virtual Labs (and possibly

Remote Labs) are actually well researched in Germany, while
newer technologies such as Take-Home Labs, AR and Ultra-
Concurrent Labs still need some more focus. Interestingly, a
small part of Laboratories combine both Cross-Reality and
Physical Labs. The most common combination we found
consisted of Physical and Virtual Labs.

For RQ2, we can conclude that most Laboratories still lack
a didactic model. This is not optimal since without a didactic
concept, it is hard to tell how to design the lab so that students



can still learn. Unfortunately, this is in line with literature
(see [28] [29, p. 15]) and something we need to improve. For
disciplines, we mostly see engineering; however, this might be
due to the selection of outlets based on the IEEE Education
Society which might have brought a bias into the study. As
for target groups, mostly higher education is targeted, although
we see some Laboratories in K-12, for vocational training, and
for training academic staff.

Besides these general observations, we also want to discuss
some more specific points we noticed during the study.

A. Outcome-Based Education

In the study, we noted that some authors used the term
learning outcome in ways we did not anticipate. For this study,
we used for learning outcomes the definition found in [30,
Chap. 7] for intended learning outcome, where the focus is on
“[...] what the student should be able to perform after teaching
that couldn’t be performed previously” [30, p. 118]. We feel
that this definition can be seen as generally understood, since
similar definitions can be found by different authors, e.g.,
[31, p. 213]. For another example, Hartel and Foegeding refer
to outcomes as the lowest of three hierarchical concepts in
education, below objective and competency. They understand
an outcome as something that describes a specific, measurable
ability that students acquire [32, p. 69]. Anderson et al. define
a learning outcome5 as a combination of a cognitive process
(something students do) that is applied to some form of
knowledge (some often domain-specific object of interaction
and discussion) [33, p.12-14] – a comparable notion to the
intended learning outcomes of Biggs and Tang.

Unfortunately, we found a number of papers where the
authors used the term learning outcome without following this
or as similar definition. Almost always, no definition is given.
In these cases, it is not clear what exactly they mean when
they talk, hence we added a tag to identify such cases.

For a brief overview over problems with written learning
outcomes, see [34, 5.2.1.][34, 5.2.2.].

B. Defining Cross-Reality Laboratories in Computer Science

One special mention should go to Computer Science. Since
most Laboratories are digital in one way or another, it is
hard to differentiate between “Physical” Laboratory and Cross-
Reality Laboratory. Imagine a Laboratory where students
should deploy some software project into a cloud environment.
Is this a Virtual Laboratory since simulation of a cloud
environment is used or is it a Physical Laboratory since
those cloud tools (even on the server side) are the same as
real environments and this is just a standard procedure used
in computing? This question is not easy to answer.

For this study, we only considered a Laboratory in computer
science to be a Cross-Reality Laboratory if it has some
elements especially designed to be Cross-Reality.

5Anderson et al. do not use the term outcome at all in this regard, instead
discussing objectives [33, p. 3 footnote] which can be seen as an equivalent.

C. Defining Cross-Reality Laboratories with CAD Software

Similar to Sec. VI-B, computer-aided design (CAD) soft-
ware can be considered an edge case. In CAD software, the
design of a product is done on a computer instead of on paper
(or similar). Does this already constitute a Virtual Laboratory
since the designed artefacts are simulated in software or is this
still a traditional tool used during the normal design process?

For this study, we only considered a Laboratory using CAD
software a Cross-Reality Laboratory if it is used in a way
extending normal design process. The authors believe this
decision also captures the intend behind Virtual Laboratories
as defined in Sec. III-A.

VII. CONCLUSION

Based on a large literature survey investigating the state
of Cross-Reality Laboratories in German Education research,
we can say that with 55 papers (≈ 17%) Cross-Reality
Laboratories are a well researched topic. For comparison,
we excluded 48 papers solely on being non-Cross Reality,
which means that the number of Physical and Cross-Reality
Laboratories is comparable. Based on our results, we can give
some pointers for future research in that topic.

As a start, we should look more into newer technologies
for Cross-Reality Laboratories. Our study revealed a lack of
research for Take-Home Labs, AR and Ultra-Concurrent Labs.
All of those have different advantages we might want to use
for teaching, e.g. the high availability and realistic appearance
of Ultra-Concurrent Labs, so we should include them more in
research.

In addition, we were able to show that over half of Labor-
atories do not have a didactic concept. Since knowing how to
teach is a big contributor to students learning success, this is
an area which definitely needs more improvement. We hope
that future research will include their thoughts on didactics
more.

Finally, the most observed discipline by far is engineering.
Since Cross-Reality Laboratories seem to be such a useful tool,
we feel it would be beneficial to include it in more disciplines
(and report on it). These Laboratories might be a good fit for
disciplines like medicine, biology, chemistry, or physics, but
maybe even outside of STEM.

It would also be helpful to do similar studies with larger
scope. Since we believe that such a literature survey can yield
good insights about strengths and weaknesses of the state of
research, it would be prudent to increase the scope of such
surveys, both in terms of included countries (e.g., Europe or
even global) or in term of perspectives (e.g. include different
modes of teaching). Even with our limited scope of Cross-
Reality Laboratories in Germany, we hope that our results are
helpful, both for German as well as international research and
teaching.
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transformation of stem education with the mechanical neural network,
a physical model for future-oriented and student-centered ai education,”
in 2024 IEEE Global Engineering Education Conference (EDUCON),
2024, pp. 1–10.

[86] M. Herget and U. Schwalbe, “Hands-on power electronics course
- deep understanding by combination of simulation, calculation and
practical measurements,” in 2020 IEEE Global Engineering Education
Conference (EDUCON), 2020, pp. 497–503.

[87] M. Riel and R. Romeike, “3d print your artifacts – 3d turtle geometry
as an introduction to programming,” in 2021 IEEE Global Engineering
Education Conference (EDUCON), 2021, pp. 1454–1461.

[88] D. Assante, C. Capasso, O. Veneri, M. Castro, S. Martin, and H. D.
Mohammadian, “Internet of energy: new scenarios, opportunities, chal-
lenges and educational solutions,” in 2021 IEEE Global Engineering
Education Conference (EDUCON), 2021, pp. 1514–1520.

[89] A. Calvo-Morata, N. Humble, P. Mozelius, R. Pechuel, and
B. Fernández-Manjón, “Games for coding to attract new students
to stem,” in 2024 IEEE Global Engineering Education Conference
(EDUCON), 2024, pp. 01–08.


	Introduction
	Related Work
	Relevant Concepts
	Cross-Reality Laboratories
	Didactic Models

	Method: Conducting the Literature Survey
	Query and Platform
	Inclusion and Exclusion Criteria
	Analysed Variables

	Results
	Discussion
	Outcome-Based Education
	Defining Cross-Reality Laboratories in Computer Science
	Defining Cross-Reality Laboratories with CAD Software

	Conclusion
	References
	References

