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Abstract

During the coronavirus crisis, labs had to be offered in digital form in
mechanical engineering at short notice. For this purpose, digital twins of
more complex test benches in the field of fluid energy machines were used
in the mechanical engineering course, with which the students were able to
interact remotely to obtain measurement data. The concept of the respective
lab was revised with regard to its implementation as a remote laboratory.
Fortunately, real-world labs were able to be fully replaced by remote labs.
Student perceptions of remote labs were mostly positive. This paper explains
the concept and design of the digital twins and the lab as well as the layout,
procedure, and finally the results of the accompanying evaluation. However,
the implementation of the digital twins to date does not yet include features
that address the tactile experience of working in real-world labs.
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1 Introduction

In the summer semester of 2020, due to the coronavirus pandemic, key
teaching labs in courses such as mechanical engineering could not be held
as face-to-face labs. This also affected multifaceted labs offered in advanced
study programs. The complexity of these laboratories also stems from the
combination of several disciplines. This results in students having to beco-
me familiar with test benches which, alone in terms of the number of com-
ponents used, go beyond laboratory test benches as used in basic studies.
In addition to subject-specific skills, personal skills are also addressed—for
example, communication skills and coping with tasks in group work.

The face-to-face laboratory “Fluid Machinery” in the bachelor's degree
program in mechanical engineering at Offenburg University of Applied
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Sciences also had to be replaced by a virtual laboratory. The implementation
of the laboratory experiment was solved via a so-called digital twin. The
corresponding technical concept is explained in detail below. The question
now arose as to what extent the virtual laboratory offered the same impetus
for students to acquire skills—perhaps even opening up new perspectives—
or whether important incentives were simply lacking. The main focus in
the summer semester of 2020 was on ensuring that the virtual lab was
available in the first place; the above questions were then investigated in the
winter semester of 2020/2021 by researchers conducting extensive surveys to
accompany the course.

2 General concept of the laboratory

It has already been mentioned above that the concept of the course is
multifaceted.

i Follow-up
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Figure 1: Follow-up of the different phases of the Laboratory from preparation to
revision of lab reports.

On the timeline, there is a sweep from the preparation of the experiments
to the feedback to be given on the experimental reports which have to be
compiled about the experiments.

In principle, these elements were able to be retained in the implementa-
tion of the virtual lab. However, the discussion on the test benches could
not take place in the real laboratory. Therefore, presentations were prepared
with photographs, flow diagrams, and schematic diagrams in order to provi-
de the students with a link to the real systems.
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The lecturers had the impression that, also with this format, cognitive
activation of theoretical prior knowledge was possible through a classroom
discussion, as is also carried out in a real laboratory. Student perceptions
were asked for in the surveys discussed below. An obvious deficiency of
the virtual laboratory is that the students do not have tactile access to the
test rigs. In the further course of the laboratory afternoon, however, the
students succeeded in understanding the digital twins of the laboratory
experiments with the result that they were able to carry out the laboratory
experiments independently. As in a real laboratory, the lecturers follow the
students during the implementation of the virtual lab and provide ideas
through interim questions by encouraging the students to reflect on and
explain their strategies and decisions during their actions. In addition, these
questions stimulate the linking of the work in the laboratory to the theoreti-
cal basis discussed in the lecture. In this phase, the students work actively
together in laboratory groups of two to three participants. The students have
to organize themselves in carrying out the laboratory test. For example, they
have to agree on who will use which strategy to set the parameters in the
virtual test facility, who will document the values measured, and who will
be responsible for ensuring the plausibility of the measurement results.

In addition, they have to agree on who in the group will respond to
the lecturer's questions and, if necessary, support each other in answering
them. After the experiments, a joint discussion on the results takes place.
This has the particular goal of cementing the knowledge gained with regard
to the theoretical foundation from the lecture. At the end of the afternoon
in the laboratory, this discussion leads to a conversation about the expected
content and form of the report. When creating the report, additional skills
such as the evaluation of data, theoretical modeling, and the presentation of
results are addressed. The students have several weeks to prepare the reports.
As a rule, these are created based on a division of labor. The students
receive critical comments from the lecturers on the content and form of
the reports. If necessary, the reports must be corrected until a minimum
standard is reached, which is sufficient for the laboratory certificate. From
the lecturer's point of view, this last section (the creation of the reports and
their critical discussion) is independent of whether a real laboratory or a
virtual laboratory is used.
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3 Digital twin as a means to a virtual laboratory
3.1 Daigital Twin concept

Besides classical hands-on laboratories, other lab types have been established
in recent years, such as purely virtual labs and remote labs, in which lab
installations are remotely controlled by students (Ortelt et al., 2021). In
addition, a mixture of these elements is possible, which can be labeled as
hybrid laboratories (Zapata-Rivera and Larrondo-Petrie, 2016).

The digital twin concept is a relatively new development originating
from product lifecycle management (Grieves and Vickers, 2017) and is often
described as a crucial element in the context of digitization/industry 4.0.
(Jones et al., 2020). Such a digital twin is a digital representation of an
object in the real world including all its properties, information, and beha-
viour (Haag and Anderl, 2018 ; Adamenko et al., 2020). The main difference
from usual digital models is the data exchange between the physical object
and model in both directions (Kritzinger et al., 2018). Due to this direct
physical-to-virtual connection, the application of digital twins is also advan-
tageous within a modern lab concept.

3.2 Design of the Digital Twin in the machine lab

In the machine lab, the implementation process starts with the first prototy-
pe dealing with the radial fan test rig of the machine lab (Garcia, 2019).
Figure 2 gives an overview of the digital twin concept, including the main
data streams occurring during its operation.

The digital twin itself was created by using the multidisciplinary mode-
ling language "Modelica" within the commercial environment “Dymola”
The communication between the digital model and the data acquisition
(DAQ-) software of the rig (“LabVIEW?”) was the main obstacle in the
development but was finally realized by using the Middleware TISC Simu-
lation Server (Kossel et al., 2006). By comparing model results and values
measured, the developers continuously improved the digital twin until the
model and test rig showed almost the same operating characteristics and
reproduced process values in high agreement.

As can be seen in Figure 2, the digital twin may be operated in two ways
using different graphical user interfaces (GUI). Ons-site in the machine lab,
the digital twin and real test rig may be operated in parallel, exchanging
the necessary information in real time. In contrast, the digital laboratory
events are carried out solely with the model using the GUI of the simulation
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Figure 2: Basic scheme of the digital twin radial ventilator test rig in the fluid
machinery lab at Offenburg University

environment. The design of the GUI allows the digital twin to be operated
in the same manner and produces the same results as the facilities in the
real laboratory. In this way, the students are able to concentrate on the
experiment itself without being disturbed by other technical details of the
model’s environment.

The virtual lab is conducted via an online conference system with
groups of 2-3 students. The digital model is opened within the simulation
program on the computer of a lab assistant, who shares his/her screen.
Through the assistant transferring control of their keyboard and mouse, the
other participants are able to use the GUI on their screens and conduct
experiments. This procedure prevents the students from installing the ap-
propriate program and getting familiar with its handling. However, the lab’s
future development focuses on an autonomous operation by the students,
e.g. by transferring the model in an executable program or by providing the
model via a Web platform.
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4 Design of a survey for evaluation of the laboratory
4.1 Overview

The combination of theoretical lectures, in which technical skills are deve-
loped, and application-oriented laboratories, in which these skills are trans-
ferred and thus methodological competence is refined, are traditionally an
integral part of engineering degree programs. A particular characteristic of
universities of applied sciences is the significantly higher proportion of app-
lication references in the curricula. As already mentioned, this connection
is also a determinant in the laboratory’s Fluid Machinery, which is offered
in the sixth semester of the bachelor's program in Mechanical Engineering
at Offenburg University of Applied Sciences. With the help of digital twins,
a total of three experiments are carried out, the results of which are interpre-
ted by the students in reports. Normally, experiments are conducted both in
the laboratory on site and then supplemented by the capabilities of virtual
digital twins. Due to the limitations of the COVID-19 pandemic, this was
not possible during the study period.

4.2 Didactic structure

The didactic structure of the course is based on the approach of situated
learning, and here, especially on the concept of the Cognitive Apprentice-
ship Model (CAM), which can be divided into four to six phases: first,
the demonstration of expert knowledge by the lecturer; second, a scaffol-
ding of student activities; third, decreasing support from teaching staff
while increasing the students’ sense of competence; and fourth, continued
support in the learning process during independent experimentation as
needed (Garcfa-Cabrero et al., 2018). Whereas the first phase relates to the
theoretical lecture, all further phases are applied in the laboratory. The
laboratory experiments are introduced by discussions between the lecturer,
assistant, and two students to ensure the theoretical classification of the
practical laboratory test. In the process, both declarative and procedural
knowledge are transferred to practical problems within the three laboratory
experiments, whereby methodological, social, and personal skills are stimu-
lated and developed in addition to technical ones. By writing down the
practical experiences, students have the chance to reflect on their learning
progress and establish connections with other module contents during their
discussions with their fellow students.
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If we focus on the perspective of classroom research, the following
connections can be noted: Determinants in terms of lecturer and student
behavior in connection with the context of the course influence teaching
or learning success. Lecturer behavior is characterized by the ability to struc-
ture and by clarity, rhetorical competence, motivation, activation, processing
depth, communication, and leading discussions. In addition, there are varia-
bles on the student side that affect the success of a course: prior knowledge,
diligence, and participation during the class. In addition, contextual factors
such as the topic, the requirements (in our case mainly related to the struc-
ture and design of the digital twins), and the existence of performance cer-
tificates influence the teaching/learning success of a course (Rindermann,
2003).

4.3 Description of surveys

In order to analyze the effects of the didactic concept and its practical imple-
mentation, two surveys were conducted to contrast the direct observations
and assessments of the lecturers with the student evaluations and views. The
first was conducted after the first laboratory experiment in order to use the
results to potentially modify and optimize the course. The second survey
was conducted at the end of the course to reflect on and balance the overall
growth in competence. Both surveys were composed of quantitative single-
choice questions and qualitative open-ended questions to give students the
opportunity to elaborate on additional aspects that they felt were necessary
to describe the course and its impact on learning. Limited participation,
interaction, and communication opportunities due to the COVID-19 pande-
mic were also considered in the second survey.

After the first laboratory experiment was conducted in mid-November
2020, 1 in 2 students were asked to answer the seven-question survey created
in the learning management system. Participation was voluntary and thus
not an integral part of the experiment or of the credit to be earned. Of 35
students enrolled in the course, 29 participated, a rate of nearly 83 percent.
In the second survey, which was much more comprehensive with 25 questi-
ons and was conducted two months later in mid-January 2021, 26 out of 35
students participated, corresponding to a rate of 74 percent.

The questions in the two surveys, which are formulated in combinati-
on with different S-point Likert scales, and the results are summarized in
Table 1. The second column indicates which questions were raised in the
respective surveys. As statistical parameters, the average and the standard
deviations are given. Three further questions allowed the students to express
their views in free text responses.
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The questions can be grouped into different categories. Group 1, the
construct of teaching behaviour with the variables of structuring and clarity,
rhetorical competence, activation, depth of processing, communication, and
leading discussions was mapped by questions 1-3, 6.

Group 2, the impact of interacting and engaging with the digital twins,
as it relates to the current situation and possible future developments, was
mapped in questions 4-5, 7-9.

Group 3, questions 12-13 addressed the specific constraints caused by
the COVID-19 pandemic. The social, methodological, and personal context-
ual conditions and their impact on perceived skill development were map-
ped by group 4 questions 14-15, 17-22.
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20% (instead of using and data)?
Survey 1 Dsurvev 2

70%

60%

50% %

40% %

30% /

20% ? % 7

10% % % %
oy

Very useful Useful Undecided  Less useful  Not useful


https://doi.org/10.5771/9783957104106-165
https://www.nomos-elibrary.de/agb

Opportunities and Shortcomings of Model-based Online Laboratories 175
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Figure 3: Selected survey results: Questions 4, S, 7, 8, 12 and 13
5 Discussion of results
5.1 Digital lab experience

The usefulness of the digital twin experiment was addressed by questions 4
and 5 (see upper diagrams in Figure 3). It was rated between very good and
good (1.6/1.7) in the first survey after the first experiment was conducted.
In the second survey, at the end of the semester, the mean shifted towards
good. Also, the distribution of responses widened. Overall, then, the virtual
lab appears to be useful to the majority of students. However, the slight de-
terioration in the ratings and thus the change in perception of the lab could
also be due to external factors: first, the special coronavirus situation, which
particularly limited the opportunities for contact and exchange among stu-
dents; and additionally, the special study situation in the sixth semester
with several complex labs and correspondingly time-intensive requirements.
These factors are indicated by the free text answers.

The preparation concept of the laboratory was addressed in questions
1 to 3. It was also rated between very good and good (1.4 — 1.8). The
evaluation shifted only slightly over the semester. Only the evaluation of
the dialogue/discussion as an introduction to the experiment was slightly
weaker in the second survey. The supplemental free texts hint at limiting the
amount of theory to the essentials at the beginning of the afternoon of the
experiment. Again, perceived stress seems to apply as an explanatory pattern.
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3.2 Communication and group work

The aspects of group work and communication were especially targeted in
questions 12 to 14 (see lower diagrams in Figure 3). Communication is per-
ceived as limited and impaired in online teaching. Interestingly, the lower
level of habitual direct exchange between students and lecturers leads to a
more difficult absorption of knowledge and thus to the reduced acquisition
of skills. To compensate for this effect, students predominantly state that
their engagement with the digital twins and the subsequent elaboration of
the reports in groups provides a framework that is conducive to learning
(1.9). Moreover, it can be assumed that the perceived communication prob-
lem exacerbates the effect of technical overload in the sixth semester.

5.3 Web-based digital twin

Questions 7 to 9 (see diagrams in the middle of Figure 3) asked for per-
ceived opportunities offered by web-based experiments. These questions
venture a prospective look into the future and focus on the intended more
independent engagement with the digital twin experiments. The students
evaluate the prospective web-based experiment as a good alternative to the
current execution (2.3); the accompanying higher degree of independence is
assessed slightly more positively (2.1). However, the students are somewhat
more skeptical about whether this form of conducting the experiment, with
a lack of guidance and support from the lecturers, will lead to a better
understanding of the content (2.5). It should be kept in mind that previous
student experiences are based exclusively on the guided variant.

5.4 Curriculum in Mechanical Engineering

Questions 16 to 18 explored the context of the laboratory with respect to
the total lectures and laboratories in the sixth semester. The highest score
(1.2) was obtained for a question whose subject matter goes beyond the
narrow scope of the course under study. Students rated the expectations
of all laboratory courses in the sixth semester as highly inconsistent. This
results in a substantial cognitive and time burden, which is clearly evident
from the extensive free text responses. First, the desire for harmonization
can hardly be met due to subject-specific differences; second, dealing with
heterogeneous requirements appears to be a goal of academic education.
Nevertheless, supporting students in achieving this competence-oriented
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goal seems reasonable. Students would very much welcome the inclusion of
a course on "Professional Communication" in the curriculum (1.4).

5.5 Personal skills

Questions 19 to 22 asked about how the laboratory contributed to the
development of personal skills. The improvement of communication skills
and personal and methodological competence intended by the concept
and implementation of the laboratory course is rated most inconsistently
by the students. One reason could be the concrete implementation of the
individual seminars; another reason could be that students have not yet had
enough experience with competence-oriented course concepts to recognize
their advantages.

5.6 Summary

In summary, our key findings can be mentioned on three levels: First, it
seems reasonable and appropriate to implement further experiments using
digital twins. The concept of introductory theoretical discussions, subse-
quent independent data collection, and joint interpretation of the results
in groups with feedback conducive to learning is viewed positively by the
students overall. Nevertheless, the perceived excessive demands in terms of
subject matter and time in the sixth semester counteract learning success
and the competence-oriented development of the students. Second, these
findings should be discussed within the faculty by staff and students. The
legitimate question of why this workload overload is not identified in the
course evaluations conducted by the central quality management body can
be explained in part by the fact that the sample size of such evaluations
is predominantly less representative than the surveys conducted in this lab.
Third, based on the results at the course level, the discussion about compe-
tence-based teaching could be intensified.

In order to be able to make further, detailed statements about the lab
concept, in the next step the examination of the digital twins could be
compared with that in a real lab. In terms of methodology, a mixed-methods
approach could be used in addition to quantitative questionnaires, inclu-
ding participant observations.
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6 Conclusion

The coronavirus crisis has highlighted the flexibility of maintaining lab
teaching formats if digital lab twins can be accessed. Without this tool, it
simply would not have been possible to conduct the lab, which is concep-
tually designed as a Cognitive Apprenticeship Model, appropriately. The
accompanying study showed that it was widely successful in realizing the
intended contentrelated competence goals. The students largely accepted
the format as a fully acceptable laboratory event.

The implementation of the digital twins to date does not yet include
features that address the tactile experience of working in real-world labs. It
is currently still unclear what influence this has on the students’ acquisition
of skills. There may also be considerable differences in perception between
students on this issue, depending on whether they acquire knowledge more
by theoretical means or are inspired by tactile experiences.

An important aspect that the study again revealed is the importance of
face-to-face communication and interaction between lecturers and students,
as well as between the students themselves. In the lab format with the
digital twin, it was possible to maintain communication between the lectu-
rers and the students. However, there were breaks in the communication
between students. This was solely due to the fact that they could not meet
in person in one location but had to communicate via media. Thus, import-
ant informal get-togethers in which information is exchanged are probably
lacking. As with many online teaching formats, the question here is how
this informal communication can be adequately supported. The importance
of communication from the students’ point of view may also be one reason
why online formats without feedback to lecturers were rated unfavorably
by the students in the study. This aspect should be strongly considered
in the elaboration of virtual laboratories, for which there are enormous
opportunities based on virtual twins.

In the study, it was again found that the perception of a course is
strongly influenced by the current context of the students’ overall situation.
Such influences are likely to be even stronger in the extraordinary situation
of studying under coronavirus conditions. We, therefore, intend to repeat
the study in the future for comparative analysis.
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