JYVASKYLAN YLIOPISTO
H UNIVERSITY OF JYVASKYLA

This is a self-archived version of an original article. This version
may differ from the original in pagination and typographic details.

Author(s): Lahme, Simvon .Z,acha'r'ias; Klvein, Pascal; Lehtinen, Antti; Muller, Andreas; Pirinen,
Pekka; Roncevi¢, Lucija; Susac, Ana

Title: Physics lab courses under digital transformation : A trinational survey among university
" lab instructors about the role of new digital technologies and learning objectives

Year: 2023

Version: pyblished version

Copyright: © 2023 the Authors

Rights: ccya.0
Rights url: https://creativecommons.org/licenses/by/4.0/

Please cite the original version:

Lahme, S. Z., Klein, P., Lehtinen, A., Miiller, A., Pirinen, P., Roncevi¢, L., & Susac, A. (2023).
Physics lab courses under digital transformation : A trinational survey among university lab
instructors about the role of new digital technologies and learning objectives. Physical Review
Physics Education Research, 19, Article 020159.
https://doi.org/10.1103/PhysRevPhysEducRes.19.020159



PHYSICAL REVIEW PHYSICS EDUCATION RESEARCH 19, 020159 (2023)

Physics lab courses under digital transformation: A trinational survey among university
lab instructors about the role of new digital technologies and learning objectives

Simon Zacharias Lahme ,l’* Pascal Klein ,1 Antti Lehtinen ,2‘+ Andreas Miiller ,3’i

Pekka Pirinen ,2 Lucija Roncevi¢ ,4 and Ana SuSac®*
lFaculty of Physics, Physics Education Research, University of Gottingen,
Friedrich-Hund-Platz 1, 37077 Gottingen, Germany
*Department of Physics, P.O. Box 35, 40014 University of Jyviiskyld, Finland
3Faculty of Sciences, Department of Physics, University of Geneva,
Boulevard du Pont d’Arve 40, 1211 Geneéve, Switzerland
4Department of Applied Physics, Faculty of Electrical Engineering and Computing,
University of Zagreb, Unska 3, 10000 Zagreb, Croatia

® (Received 31 May 2023; accepted 27 September 2023; published 20 November 2023)

[This paper is part of the Focused Collection on Instructional labs: Improving traditions and new
directions.] Physics lab courses permanently undergo transformations, in recent times especially to adapt to
the emergence of new digital technologies and the COVID-19 pandemic in which digital technologies
facilitated distance learning. Since these transformations often occur within individual institutions, it is useful
to get an overview of these developments by capturing the status quo of digital technologies and the related
acquisition of digital competencies in physics lab courses. Thus, we conducted a survey among physics lab
instructors (N = 79) at German, Finnish, and Croatian universities. The findings reveal that lab instructors
already use a variety of digital technologies and that the pandemic particularly boosted the use of smartphones
and tablets, simulations, and digital tools for communication, collaboration, and organization. The
participants generally showed a positive attitude toward using digital technologies in physics lab courses,
especially due to their potential for experiments and students’ competence acquisition, motivational effects,
and contemporaneity. Acquiring digital competencies is rated as less important than established learning
objectives, however, collecting and processing data with digital tools was rated as an important competency
that students should acquire. The instructors perceived open forms of labwork and particular digital
technologies for specific learning objectives (e.g., microcontrollers for experimental skills) as useful for
reaching their learning objectives. Our survey contributes to the reflection of what impact the emergence of
digital technologies in our society and the COVID-19 pandemic had on physics lab courses and reveals first

indications for the future transformation of hands-on university physics education.

DOI: 10.1103/PhysRevPhysEducRes.19.020159

I. INTRODUCTION

For over 150 years, physics education in schools,
colleges, and universities consists not only of lectures and
exercises but also of practical elements in which students
attend and/or conduct physics experiments. In the United
States, “[t]hroughout the late 1800s and early 1900s
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physicists and teachers [...] expand the role of laboratories
and projects that actively engage students [...], the use of
hands-on student laboratory activities increased dramati-
cally” [1] (p. 53). At the same time, European physicists
like Friedrich Kohlrausch started to educate students in
their laboratories, which was the cornerstone for physics
lab courses as known today [2]. This development was
caused by the desire to foster “habits of scientific thought”
with “powerful examples of the method by which science
obtains its results” [3] (p. 290) for which today the term
scientific practice is used [1].

Since then, the way of teaching and learning in lab
courses has been subject to several transformations (cf. also
Ref. [4]). For example, the pursued learning objectives have
been discussed and revised by different physics associations
(e.g., in the United States [5,6] or in Germany [7]) and
empirically compiled through surveys among lab instructors
(e.g., for six European countries [8,9], at the University of
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Colorado [10], or in Germany/Austria [11,12]). Another
example of transformation is the organizational frame of the
lab courses, especially in terms of student numbers and
degree of openness. While in the late 1800s students were
invited to the researchers’ real laboratories, with the increas-
ing number of physics students in the first half of the 1900s
large-scale lab courses with demonstration experiments and
highly structured, cookbooklike instructions were imple-
mented [2]. Today, a trend back to smaller groups, more
open, authentic, problem-orientated, inquiry-based investi-
gation can be observed that goes along with a shift from
reinforcing concepts to fostering competencies like exper-
imental skills. Two recent strands of development here are
design labs and undergraduate research projects [13]
having in common a greater autonomy of students in carrying
out experiments in laboratory, course, homework, or other
educational settings. In design labs (cf. Refs. [2,14-17]),
students design experiments themselves, instead of following
the given cookbook-styled instructions, but with strong
scaffolding by guidance about the key steps and requirements
of a scientific experiment, and rubrics for self-assessment
[15]. Undergraduate research projects, in which usually
groups of students work on their own small research projects
(cf. Refs. [18,19]), are widely advocated in the literature on
undergraduate education, in general [20-25], and specifi-
cally as a way to promote higher order thinking skills (HOTs)
such as autonomy, curiosity, creativity, problem solving, and
critical thinking [26-29].

Exemplary causes for such transformations are changed
requirements in the labor market either in research or private
enterprise. With new digital technologies or employees’
expectations of employers’ hard and soft skills, new require-
ments are placed on the education of physics students.
Physics lab courses are especially prone to adapt to such
transformations more than lectures or exercises as their
practical orientation rather resembles that of the work
processes in the labor market. Another cause of trans-
formation is research findings on the effectiveness of lab
courses revealing that traditional, cookbook-styled, concept-
based lab courses are hardly effective in teaching physics
content [30,31] and expertlike views on experimental physics
[32], and do not meet students’ expectations [33]. Instead,
addressee-specific lab courses (e.g., for physics [34], medi-
cine [35,36], or physics preservice teacher students [37]) and
a focus on experimental skills are more beneficial, the latter
especially for acquiring critical thinking skills and appro-
priate views on experimentation [38]. For design labs and
undergraduate research projects with a range of objectives
such as fostering authentic research practices, scientific
abilities, and higher-order thinking skills research has shown
that they can indeed be conducive to learning in this sense
[14-16,20,31].

In recent times, there have been significant transforma-
tions on the digital front, mainly due to two factors: The
first one is the emergence of a huge variety of digital

technologies within the past about 25 years which allow
simplified, automated, and faster data collection and
analysis with higher precision (e.g., with computers,
microcontroller, programming software), can serve as
didactic tools (e.g., virtual reality), or facilitate communi-
cation, collaboration, and organization (e.g., digital media
for presentation). Therefore, digital technologies impact the
experimental setups, the methods of how experiments are
conducted and analyzed, and how the lab courses are
organized. In addition, new skills have become relevant for
students during their studies and beyond in preparation for
the labor market and physics research in technologized
laboratories (cf. astrophysics or large-scale laboratories like
at CERN). They need to learn the competent use of new
digital technologies; thus, the transformation goes along
with new digital learning objectives, especially in pro-
gramming and automating data collection and analysis.

The second recent factor for transformation was the
COVID-19 pandemic from the beginning of 2020 for over
two years in which social-distancing rules prohibited or
noticeably impeded on-campus teaching and learning, so
new lab formats needed to be implemented rather quickly
[39-45]. New pursued approaches for lab courses in
distance learning were, for example, the use of second
hand-data [39,45], experiments with smartphones [40,46]
and household items [39], simulations [39], or videos of the
experiments either for preparation and instruction [43] or
for demonstrating how an instructor conducts the experi-
ment [39]. Furthermore, digital tools like video conferenc-
ing were used for communication and collaboration [39,43]
or elements of distance, on-campus, and remote, synchro-
nous, and asynchronous learning were combined [39,41].
Probably as a consequence, also the social form of learning
shifted from group work to individual work, and the
learning objectives from developing experimental skills
toward reinforcing concepts [39].

With the recent digital leap driven by technological
development and the necessity imposed by the pandemic,
the time has come to take a unifying look at the contemporary
role of digital technologies in physics lab courses. As
instructors are usually independently responsible for their
lab courses, transformations are probably not uniformly
done, so such an overview allows us to reflect on the previous
impact of the emergence of digital technologies in our society
and the COVID-19 pandemic on physics lab courses in the
different institutions. In perspective, this can help to identify
goals and paths for future systemic transformation.

Thus, we surveyed the university lab instructors in three
European countries, Germany, Finland, and Croatia
inspired by a former study [8,9,47] among physics,
chemistry, and biology lab instructors in schools and
universities in six different European countries in the late
1990s. The study investigated the instructors’ perspective
of goals of labwork in science education. Thus, besides a
ranking of the importance of different learning objectives,
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the participating instructors had also rated different forms
of labwork according to their suitability for achieving
different learning objectives. At that time, common use
of computers had only emerged recently, and using com-
puters in physics labs (e.g., for data analysis or interactive
screen experiments) was an innovative approach that was
perceived as rather less conducive to learning, especially by
the German subgroup of physics professors in the men-
tioned study published in Ref. [47]. Thus, the only form of
labwork presented in that survey which was related to
digital technologies was experiments using modern tech-
nologies (e.g., for data capture) [9] (p. 78). As digital
technologies and multimedia are increasingly integral parts
of physics education and are particularly investigated in
relationship with physics experiments [48], it is now
interesting to investigate to which extent the instructors’
perception of digital technologies has changed. So, we
modified the questionnaire of Refs. [8,9] by adding digital
competencies as learning objectives, specific modern dig-
ital technologies as possible forms of labwork, and further
questions about the experiences and attitudes toward digital
technologies in general to capture a snapshot of the current
role of digital technologies and learning objectives in
European physics lab courses.

II. STATE OF RESEARCH
AND RESEARCH QUESTIONS

A. Role of digital technologies in physics labs

According to Ref. [49], lab courses are digitalized either
for organizational reasons (increasing efficiency and
removing barriers, e.g., regarding time and location) or
due to didactic thoughts about improving the teaching
quality, the expansion of course content, and the improve-
ment of practical relevance. While organizational advan-
tages of digital technologies like facilitated collection and
analysis of large datasets or higher precision of measure-
ments are self-evident, the didactic potential needs to be
researched. For example, Ref. [50] has shown that video
analysis with tablets can reduce extraneous cognitive load
and therefore increase conceptual understanding, Ref. [51]
has shown for experiments with smartphones or tablets and
Ref. [52] has shown for 3D virtual reality environments that
the respective technologies increase students’ motivation,
interest, and engagement. A review [53] summarizes that
the right combination of virtual and physical elements
in a lab course can outperform purely virtual or purely
physical ones.

Digitalization can occur in four areas [49]: The first is the
laboratory environment itself which can be digitalized by
using digital hardware instead of analog equipment, inte-
grating hardware within a network for (remote) controlled
and automated data collection, or using digital technologies
and multimedia applications (like microcontrollers, smart-
phones, simulations, virtual reality, etc.) also to enable

experimenting outside of laboratories. Further areas of
digitalization are related to processes and procedures
(e.g., by documenting, illustrating, modelizing, or simulat-
ing processes with digital technologies) and data (e.g.,
digital-aided collection, documentation, or processing of
data as well as the use of databases). The fourth area of
digitalization is the interpersonal communication ranging
from digital learning materials over digital tools for
communication, collaboration, and organization to digital
feedback and assessment.

The laboratory environment can be digitalized using a
huge variety of technologies with different purposes of
use, advantages, and limitations that can be located in the
reality-virtuality continuum [54] depending on how real the
experiments (setup and data) and the physical interaction
are [55]. Far on the reality side of this continuum, tools for
digital-aided (hands-on) measurement data collection are
located. The students interact with the real world and a real
setup and utilize digital technologies merely for collecting
data. Possible tools are smartphones or tablets, micro-
controllers, microcomputers, or other data logging systems.
Smartphones or tablets enable students to independently
collect first-hand data with their own devices also outside of
laboratories in everyday life settings as far as the internal
sensors are sufficient or suitable external sensors available.
Microcontrollers offer low-threshold and easy-affordable
access, too. Example work for using smartphones, tablets,
and microcontrollers for physics experiments was done by
Refs. [18,46,56—-62], for microcomputer-based experiments
by Refs. [61,63,64].

In the middle of the continuum, the mixed reality,
remote-controlled experiments, augmented reality environ-
ments, and interactive screen experiments are located. The
former consists of real setups and real data is collected,
however, students are usually not next to the setup with
remote or automatized control, and data collection is often
facilitated by computers. In augmented reality environ-
ments students directly interact with real setups and addi-
tional information (e.g., visualizations) is virtually added,
e.g., when looking through the camera of a tablet or special
augmented reality glasses. For interactive screen experi-
ments, setups are virtually represented with realistic photos
in a computer application. Students can interact with setup
elements and generate preset data within the application but
unlike augmented reality environments (and similar to
remote-controlled experiments), there is no contact or
interaction with real equipment but photos and datasets
are based on real experiments. Both augmented reality
environments and interactive screen experiments allow the
combination of experimental setups and multiple repre-
sentations, e.g., to depict invisible characteristics and
processes in real-time enabling a continuous learning
experience. Interactive screen experiments additionally
allow an individual and safe conduction of experiments
otherwise inaccessible for students or in massive (online)
courses even though the interaction possibilities are limited
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and not necessarily authentic. Example work for aug-
mented reality environments for physics experiments
was done by Refs. [65,66], for interactive screen experi-
ments by Refs. [35,67], and for remote-controlled experi-
ments by Refs. [68,69].

Far on the virtual side of the continuum, the whole
environment is artificially created, e.g., by a computer.
Prototypical are virtual reality environments authentically
representing artificial setup and data. Especially in 3D virtual
reality environments also dangerous or expensive experi-
ments can be conducted in a reality-mimicking, immersive
setting. Example work for virtual reality environments for
physics experiments was done by Refs. [52,70-72]. Other
virtual technologies are artificial computer simulations in
which experiments and data are completely modeled, for the
benefit of correctness, simplicity, or ease of use often without
any claim to realistic visualizations. Such simulations can
either be of mathematical nature, e.g., when the outcome of
an experiment or process is mathematically modeled
(cf. computational methods as often used also by theoretical
physicists) [73,74] or with an emphasis on the visualization
of laws, processes, or effects (e.g., PhET simulations [75]).

The preceding shows the variety of digital technologies
and their potential for teaching and learning in physics
courses. In accordance, a review [48] of teacher-oriented
literature in ten European countries revealed that multime-
dia applications are associated in articles with experimental
activities more often than any other teaching-learning
activity (e.g., data and knowledge representation or visual-
izations) with large potential and diversity of ideas and
concepts. Although using digital technologies for physics
experiments has already been intensively discussed, as far as
we know no overview of how often such digital technologies
are implemented in physics lab courses (in Europe) exists.
Our study contributes to this desideratum explicitly consid-
ering the whole reality-virtuality continuum from smart-
phones and tablets, remote-controlled experiments, virtual
reality environments, and the usage and/or creation of
computer simulations to microcontrollers.

B. Role of digital competencies in physics labs

The use of digital technologies in physics lab courses
goes along with the need for students to acquire related
digital competencies for competently and meaningfully
using them. This is not only relevant for the successful
conduction of physics experiments in the lab course but
also for the future labor market. In Sec. I B 1, we analyze
several catalogs of learning objectives for physics lab
courses published within the past 25 years regarding
the extent to which they contain the acquisition of
digital competencies. This reveals a lack of catalogs for
specific digital learning objectives for physics students.
However, in research about the education of preservice
(science) teachers especially in German-speaking coun-
tries, a variety of corresponding frameworks already exists.

Their transferability for the education of physics majors is
discussed in Sec. II B 2.

1. Digital competencies as learning objectives
in physics labs

We analyzed five catalogs of learning objectives for
physics lab courses that were either developed normatively
[5-7] or as part of a research process [8—11] representing
the United States [5,6,10], Europe [8,9], and Germany/
Austria, in particular, [7,11]; for Finland and Croatia, to our
knowledge, no comparable catalog exists. Table I summa-
rizes all included learning objectives and outcomes that can
somehow be related to physics lab courses and explicitly
mention any digital technology, i.e., learning objectives that
are often related to digital technologies (e.g., statistical data
analysis) but were not explicitly linked to them were not
considered.

It reveals that recent catalogs list more digital learning
objectives than older ones and that those are mostly related
to computer-aided control of setups as well as data
collection and analysis. Further digital learning objec-
tives are linked to computational modeling of physical
processes, digital measuring devices, and presentations of
findings with slide shows. Other digital technologies or
areas of digitalization as described in Sec. Il A are barely
mentioned (e.g., video analysis and online databases only
once, using digital tools for communication/collaboration/
organization not at all). It is also striking that the catalogs
rather list the use of specific technologies (e.g., using
Mathematica notebooks, LabVIEW, or computers for data
analysis) than precise learning objectives. To our knowl-
edge, a coherent framework or list of digital competencies
physics students should acquire during their studies, in
particular in physics lab courses, is currently missing.

2. Transferability of frameworks for preservice teachers

In the teacher education research community, especially
in German-speaking countries, several frameworks have
already been developed specifically focusing on digital
competencies. One of the most cited frameworks for digital
competencies of preservice science teachers is the
DiKoLAN-framework (Digitale Kompetenzen fiir das
Lehramt in den Naturwissenschaften, in English Digital
Competencies for Teaching in Science Education [77,78]).
Based on the well-known and widely spread TPACK model
(Technological Pedagogical Content Knowledge, [79]) the
framework lists explicit digital competencies that preser-
vice science teachers should achieve during their studies.
These are classified into seven dimensions, the more
general competencies documentation, presentation, com-
munication/collaboration, and information search and
evaluation as well as the more subject-specific competen-
cies data acquisition, data processing, and simulation and
modeling. These competencies are accompanied by generic
technical core competencies and knowledge about the legal
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TABLE I. Overview of digital learning objectives in selected catalogs of learning objectives for physics lab courses in the United
States, Europe, and Germany/Austria from the past 25 years. To our knowledge, there are no comparable catalogs for Finland or Croatia.

Catalog

Included digital learning objectives (summarized and
reformulated)

United States (1997): List of learning objectives for physics
lab courses published by the American Association of
Physics Teachers (AAPT) [5], first published in [76]

Europe (1998): List of learning objectives for science lab
courses collected in a Delphi study among school &
university educators from Denmark, France, Germany,
Great Britain, Greece, & Italy [8,9]

Germany (2010): List of learning objectives & expected
learning outcomes for physics studies in Germany
published by the Konferenz der Fachbereiche Physik
(KFP, conference of the physics departments of German
universities) [7]

United States (2013): List of learning objectives collected
among faculty of the University of Colorado where a new
lab course should be implemented [10]

United States (2014): Revision of the list of learning
objectives for physics lab courses from 1997 published by
the American Association of Physics Teachers (AAPT) [6]

Germany/Austria (2016): List of learning objectives based
on Ref. [10] that was discursively modified by the group of
German physics lab instructors [11]

Using computers/microcomputers for data collection, analysis,
& graphical display of data

No digital learning objectives were explicitly stated, only the
use of modern technologies (e.g. for data capture or
modeling) was mentioned as a possible form of labwork.

» Using modern physics measurement methods in experiments
e Students are familiar with computer-aided measurement data
acquisition.

* Students are able to create an engaging presentation
(PowerPoint or similar).

» Using computer-aided computational methods for solving
complex problems (including writing own programs in at least
one programming language)

* Correctly using electronics for data collection including
familiarity with electronic components/circuits, features of
control, regulation & measurement technology, computer-aided
data collection & experiment control

¢ Using slide shows with a good PowerPoint style to support oral
presentations

* Computer-aided data analysis: using analytical &
computational modeling tools; using computational packages
like Mathematica for statistical tests; handling, plotting, &
fitting digital data; sampling & analyzing data with time/
frequency domain methods (e.g., FFT); using Mathematica
notebooks

* Using LabVIEW for recording, visualizing, analyzing, &
interpreting data

» Using digital oscilloscopes

» Appropriately using computers for computational modeling
physical systems including measurement devices

* Developing technical & practical laboratory skills: use of
computers to interface to experimental apparatus for data
collection; use of data gathering tools like videos to extract
physical data

* Use of computers for data analysis

 Using computer programs for data analysis
* Using LabVIEW

» Using sensors & actuators

* Explaining & using measurement devices

framework of using digital technologies. Advantageous is
that the framework is domain specific for science as, e.g., it
includes digital data collection and processing. While the
specific competency descriptions are very specific for
preservice science teachers, therefore, not applicable to
physics major students, the overall competency dimensions
and their definitions (cf. Refs. [78,80]) can be applied to
physics students in physics lab courses with almost no
reformulation.

Another subject-related framework is the DiKoLeP-
framework (Digitale Kompetenzen von Lehramtsstudieren-
den im Fach Physik, translated Digital competencies of
student teachers in the subject of physics, [81]) that is based
on the DiKoL AN-framework but its dimensions (digital data
collection, simulations, explanatory videos, subject-related
basics) focus rather on digital media than digital core
competencies. A further subject-independent framework is
the Austrian Digi. kompP-framework (Digitale Kompetenzen
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fiir Pddagoginnen, translated Digital competencies for
educators, [82]) that still acknowledges subject specifics
of digital teaching and learning but focuses not on science or
physics in particular rather on work of in-service educators.

The last is the related DigCompEdu- and DigComp2.1-
framework (Digital Competence Framework for Educators
[83] and Digital Competence Framework for Citizens
[84]). The latter lists digital competencies for every
European citizen. The former also lists teachers’ digital
competencies and has been adapted for science teachers
[85] but is too strongly related to the role of educators and
thus, not applicable to students in physics lab courses.
However, the generic DigComp?2.1-framework can be
applied since it is intended for every European citizen.
Even though it is not domain-specific (e.g., data collection
and processing are not included), many aspects can be
mapped to the domain-specific DiKoLAN-framework (e.g.,
information and data literacy, communication and collabo-
ration, digital content creating, safety, and problem solv-
ing). There is also one digital competency missing in the
DiKoLAN-framework: identifying digital competence gaps
referring to a life-long development of digital competencies
and metacognition or awareness of one’s own abilities and
personal developments.

In our opinion, the dimensions of the DiKoLLAN-frame-
work supplemented by identifying digital competence gaps
from the DigComp2.1-framework provides a sufficient
framework of digital competencies physics students could
acquire during their studies, in particular in lab courses
since they are (besides courses on computational and
numerical methods of physics) best suitable for acquiring
most of these objectives. It would be beneficial to obtain
information on to what extent these learning objectives
should be pursued in physics lab courses. Our survey
contributes to this desideratum by asking lab instructors
about their perceived importance of these digital learning
objectives, also in comparison to other objectives, e.g., as
identified in the Delphi study by Refs. [8,9].

C. Goals and research questions

Based on the state of research, we argue that there is a
need for getting an overview of the status quo of the use of
digital technologies and the importance of acquiring digital
competencies in European physics lab courses. This ena-
bles the reflection to what extent the emergence and broad
availability of new digital technologies in our society as
well as the COVID-19 pandemic had an impact on the
conception of and the technology usage in university
physics lab courses.

In this survey, we focus on the instructors’ perspective,
i.e., all faculty staff independent from the academic status
who is responsible for the conceptualization of university
physics lab courses or engaged in teaching the students
there. They should better than their students be familiar
with the use of digital technologies in the lab course, its

learning objectives, and past and projected transformations.
Further, they are stakeholders who decide to what extent
digital technologies and learning objectives are part of the
lab course and therefore disseminators for implementing
digital technologies in university physics education more so
than instructors in lectures or exercises. Hence, we target
university physics lab instructors and not students or other
instructors or lecturers. To consider possible country-
specific differences and to take a European perspective,
we surveyed lab instructors in Germany the most populous
country in the European Union and representative of
Middle Europe as well as Finland and Croatia as middle
to small-populated countries representing Northern and
Middle Europe, respectively. The research questions are:

RQ 1: What prior experiences and attitudes toward the
use of digital technologies in physics lab courses do
German, Finnish, and Croatian lab instructors have?

RQ 2: How do German, Finnish, and Croatian lab
instructors rate the importance of acquiring digital
competencies, also in comparison to other learning
objectives of physics lab courses?

RQ 3: What potential do German, Finnish, and Croatian
lab instructors see in different (digital) lab formats
to achieve the learning objectives of physics lab
courses?

III. THE QUESTIONNAIRE

We conducted an anonymous online survey with closed
and open questions participants answered independently.
By this, we could get an overview of the status quo of digital
technologies in physics lab courses with a low threshold for
participation (e.g., in comparison to interviews), especially
because participation is possible at any time, does not last too
long, and the anonymity reduces the risk of socially desired
responses. The survey (cf. Supplemental Material [86] for
questionnaire in all four languages) consists of seven sections:

1. Demographic questions: We asked the lab instruc-
tors about their country and the lab course type they
want to respond for. They could select between
introductory lab courses for physics major and/or
preservice physics teacher students at the beginning
of their studies, advanced lab courses for physics
major and/or preservice physics teacher students in
higher semesters, minor lab courses, e.g., for medi-
cine, chemistry, or biology students, lab courses for
engineering students and other lab courses which
need to be specified. Instructors were able to select
only one lab course type even though they might be
responsible for more than one and should briefly
describe the target group and conceptualization of
their lab course. Additionally, they should state their
current academic status as well as whether they are
responsible for the conceptualization and/or organi-
zation of the lab course and personally engaged in
instructing students in labwork.
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2. Ranking of learning objectives for physics lab

courses: The participants ranked five main learning
objectives for labwork from least to most important.
Four were identified by Refs. [8,9] in a Delphi study
(link theory and practice, get to know the methods of
scientific thinking, learn experimental skills, and
increase their motivation, personal development,
and social competency) and the fifth learning ob-
jective acquire digital competencies was deductively
added. A first ranking was requested based on the
implementation in participants’ specific lab courses
as accurately as possible even if not all learning
objectives are followed (implemented learning ob-
Jjectives). A second ranking should have been ac-
cording to their own opinion of how important these
learning objectives are in general, independent from
their lab courses (generally desired learning objec-
tives). The learning objectives to be rated were
displayed in randomized order and briefly defined
in a selectable info box based on subcategories listed
by Refs. [8,9] and Refs. [78,80].

. Specific subcategories of digital competencies:
The instructors rated several specific subcompeten-
cies of digital competencies on a five-point-scale
from not important to very important or had the
opportunity to state / don’t understand the item. Nine
items are strongly based on the competency descrip-
tions in the DiKoLaN-framework [78,80] with only
minor changes to transform those subcompetencies
and their descriptions into items and to adapt the
formulations for the new target group of physics major
instead of preservice science teachers originally. We
supplemented this list of subcompetencies by the
metareflective competency identifying digital compe-
tence gaps that is part of the DigComp 2.1-framework
[84]. All items were presented in randomized order. If
desired, the participants had the opportunity to add
and rate up to four further subcompetencies.

. Experience with the use of digital technologies in
a physics lab course: The participants could list up
to seven modern digital technologies they have
already used in their lab course. We stated clearly
that by modern digital technologies, we do not mean
standard lab equipment just with a digital scale or an
analog to digital converter but, e.g., smartphones or
tablets, virtual or augmented reality environments,
spreadsheets, and other software for (statistical) data
analysis, remote-controlled labs, microcontrollers,
software for programming, computer simulations,
etc. Furthermore, participants should quantify how
often they used the listed digital technologies before,
during, and after the lockdown caused by the
COVID-19 pandemic, the period when on-campus
teaching and learning was prohibited or noticeably
impeded. For quantification, the participants se-
lected between not at all, at least once, and

regularly. The section ends with an open text field
in which the participants could describe in their own
words what positive or negative experiences they
had while using the listed digital technologies in a
physics lab course.

5. Relationship between special forms of labwork
and the learning objectives: As in Ref. [8], the
instructors judged eight different forms of labwork
according to their usefulness in achieving the five
learning objectives rated before. They address three
different degrees of openness (a (strongly) guided
labwork session, an open-ended labwork session,
undergraduate research projects in groups) and the
use of five different digital technologies (experi-
ments with smartphones/tablets, remote-controlled
experiments, virtual reality environment, usage/and
or creation of computer simulations, and micro-
controller). For each form of labwork, a short
description was presented in a selectable info box.
The rating was done on a five-point scale from not
useful to very useful.

6. Attitudes toward the use of modern digital tech-
nologies in a lab course: The instructors rated 15
statements about attitudes and beliefs toward the use
of modern digital technologies in physics lab
courses on a five-point scale from strongly disagree
to strongly agree or could select I don’t understand
the item. 13 items, based on two surveys among
German school teachers [87,88] and modified for the
context of university education, address aspects like
the status of digital technologies in university
teaching and learning or the belief in the effective-
ness of digital technologies for students’ cognitive,
affective, and social learning progress. Deductively,
we added In general, modern digital technologies
should be part of teaching and learning in a physics
lab course. and Modern digital technologies should
only be used in a physics lab course if they cannot be
avoided (e.g., in home labs during the COVID-19
pandemic). Afterwards, participants should describe
their attitude regarding the use of modern digital
technologies in physics lab courses in their own
words and what reasons they have for their overall
attitude. Then they were asked about the existence of
any plans regarding the (further) inclusion of digital
technologies or the acquisition of digital competen-
cies in their lab course and underlying rationales.

7. Final question: In a final open text field, partic-
ipants could comment on anything they would like
to add or state.

All items are informed by literature, so already underwent an
initial validation by other researchers. Since they were
available in English and/or German, we first prepared the
English and German survey versions simultaneously within
the group of authors (English is the project language). A 2nd
year student assistant who studies English checked the
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comparability of both versions, but only minor improvements
were necessary. The German and English version of the
survey was independently piloted in Germany with one lab
instructor, two Ph.D. students in the field of physics education
research, and three further students (2nd and 5Sth year) to
check the understandability, usability, and linguistic correct-
ness of the survey. The structure, layout, and wording of
the survey were improved based on the provided feedback.
After that, a Finnish and Croatian version of the survey was
prepared based on the English version. Both translations were
again checked within the corresponding bilingual subgroup
of authors and additionally piloted with one independent lab
instructor in Finland and two in-service teachers and one
preservice physics teacher in Croatia but no changes were
necessary.

IV. DATA COLLECTION AND PREPROCESSING

A. Implementation and acquisition of participants

The primary target group was instructors for introductory
and advanced physics lab courses in Germany, Finland, and
Croatia, but the survey was open to all lab course types
(e.g., engineering physics labs) and we later check for
significant differences in the responses for countries and lab
course types. The questionnaire was implemented in
English, German, Finnish, and Croatian in the open-source
web tool LimeSurvey. Participants got access to the survey
via a link and selected their preferred language. Most
responded in their local language but some (especially
from Germany) also in English. The average time for
participation was M = 28 min, SD = 19 min (two out-
liers excluded). Data were collected from the beginning of
September to the middle of December 2022. The survey
was promoted among German-speaking lab instructors at
the conference of physics lab instructors in Kiel in
September 2022, twice (one reminder) via a mailing list
of the working group for physics lab courses of the German
physics society with more than 300 recipients (not all are
lab instructors), and by sending a personal invitation to all
lab instructors at the University of Gottingen. In Finland, an
invitation was sent twice (one reminder) via e-mail to vice-
heads in charge of teaching at the departments of physics at
Finnish universities and to the Finnish network of univer-
sity physics educators combined with the request to
forward the survey to all physics lab instructors in the
respective institutions. In Croatia, an invitation was sent
twice (one reminder) to all responsible for physics lab
courses (as far as they could be found during an internet
search and by personal contacts) via email combined with
the request to forward the survey likewise.

B. Characterization of participants

Overall, 81 instructors, 50 from Germany, 16 from
Finland, 14 from Croatia, and 1 from Austria participated
in our survey at least partly, i.e., they have completed at

TABLE II.  Overview of the N = 79 instructors from Germany
(DE), Finland (FI), and Croatia (HR) who participated in the
survey.

Participants DE FI HR
Full participation 37 16 11
Partial participation 12 0 3
Responsible for the concept/organization 31 9 11
Engaged in instruction 40 15 14
Academic status

Professor 8 4
Other senior position 16 6 1
Postdoc 4 3

Ph.D. student teaching assistant 8 2 7
Student teaching assistant 4 5

Other position 5 2
Lab course type

Introductory lab 19 11 3
Advanced lab 15 2
Minor lab 3 1
Engineering students lab 7 3
Other lab 2 1 4

least the first and second survey sections about demo-
graphic data and learning objectives. Two German partic-
ipants were removed from the dataset since they had not
responded in an interpretable way. The Austrian participant
was assigned to the German group since in practice,
German and Austrian lab instructors build one community
(Austrian instructors usually participate in the German
conference of physics lab instructors where this survey was
promoted). In total, 51 participants (65%) are responsible
for the concept or organization of their lab course, and 69
(87%) are engaged in instructing students. The academic
status varies but most are professors (15%), hold another
senior position (29%), or are Ph.D. student teaching
assistants (22%). They responded mostly for the two lab
course types of primary interest, introductory (33, i.e.,
42%) and advanced (21, i.e., 27%) lab courses. Academic
status and lab course type are similarly distributed over the
three countries. Table II provides an overview of the 79
participants of which 64 participated fully, i.e., answered all
items on the survey. For an assessment of the sample size
and a discussion of possible selection biases in sampling,
see Sec. VE

C. Data preprocessing

While for closed questions the survey tool already
exports data in the main survey language, i.e., English,
responses to open-text field questions were translated by
the group of authors into English so that they can be
analyzed together and compared. Negated items were
inverted for further analysis.
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For the ratings of the learning objectives and the
potential of different lab formats for reaching the different
learning objectives, we analyzed if there are any differences
in the responses based on the participants’ origin country or
the lab course type they responded for. For this, we
conducted a Shapiro-Wilk test (& = 0.05) to check whether
the responses to all related survey items are normally
distributed. Since all items were non-normally distributed
for at least one country or lab course type, Kruskal-Wallis
tests (a = 0.05) were conducted to search for significant
differences in the responses. In case of any differences,
post hoc pairwise comparisons with Bonferroni correction
were done. However, in comparison to the huge number of
possible differences, only a few items (cf. Appendix A)
were differently rated. Thus, in the following, we do not
distinguish the different countries or lab course types and
report all related findings for the whole sample group.

For the 15 items about the attitude toward the use of
digital technologies in physics lab courses, a principal
component analysis with varimax rotation was conducted
since the Kaiser-Meyer-Olkin measure of sampling
adequacy is with KMO = 0.85 meritorious [89] and
Barlett’s test of sphericity [90] is significant (p < 0.001).
Based on Guttman’s criteria [91] three factors with eigen-
values > 1 were considered. Based on Kaiser’s criteria [92]
and the scree plot, we chose a single-factor model explaining
46% of the total variance (the next two factors would only
explain 9% and 8% of total variance). The Cronbach’s alpha
for the single factor is @ = 0.91. The corrected item-scale
correlation describing the discriminatory power is over the
threshold of 0.3 for all but one item (0.28 for the item / find it
difficult to adapt to technical innovations.) but excluding it
would not change Cronbach’s alpha. Thus, the 15 items
provide a very good scale in terms of their psychometric
properties. The mean of these items is treated as a new
variable attitude. Statistical analysis in the same way as
before reveals no significant differences for the attitude
regarding the countries and lab course types, so in the
following, the attitude is considered for all participants
together, too.

For all closed items used in the questionnaire and
discussed in the following sections, descriptive statistical
data (number of responses, minimum, maximum, mean,
and standard error) are given in Table VII in Appendix B.

For the open-text field responses including the lists of
digital technologies instructors already have experience
with, we do not search for any significant differences
regarding the different countries or lab course types as
those responses are very individual and to be considered
rather anecdotal.

V. FINDINGS AND DISCUSSION

For better readability, the findings are presented step by
step related to the three research questions and discussed
immediately after. Findings and discussion paragraphs are

marked with bold captions. The section ends with an
overall discussion of study limitations.

A. Experiences with digital technologies
in physics labs (RQ1)

1. Previous usage of digital technologies in physics labs

Seven instructors stated that they have not used any
digital technology in their lab course yet, the other 61
instructors listed in total 220 digital technologies (up to
seven per person were possible). The technologies were
categorized inductively by systematizing the responses and
deductively by using the four areas of digitalization in lab
courses compiled by Ref. [49]. Figure 1 presents the
category system and the percentage of all instructors
who have used in their lab course at least once a technology
coded in the respective category.

Findings (i): Most frequently mentioned are software
for data analysis/visualization (75% of all instructors),
smartphones/tablets (44%), and (computer) simulations
(35%), but also programming software (25%), remote/
automated data collection (24%), and microcontrollers/
single-board computers (21%).

Discussion of findings (i): However, the data should be
considered with caution as the responses are likely to be
incomplete (e.g., one would expect digitally aided word
processing in most lab courses for writing lab reports) and
depend on the participants’ perception of modern digital
technologies. Ref. [49] (p. 3) already stated that “[t]he
digitalization of practical laboratory courses is usually
associated with remote experiments, working in virtual
reality spaces, and digital data acquisition” even though
“[d]igitalization already starts with the use of digital
communication channels or teaching materials.”

Findings (ii): Additionally, instructors rated how often
(not at all—at least once—regularly) they have used
each technology before, during, and after the lockdown
caused by the COVID-19 pandemic. In Fig. 2 the per-
centage is displayed how often regularly was chosen
revealing three distinct developments (see Fig. 8 in
Appendix C for further visualization):

1. The use of digital exams/ submission of work, digital
tools for communication/organization/collaboration,
(computer) simulations, and smartphones/tablets has
increased significantly during the pandemic. After the
pandemic, the frequency of use of these technologies
remained the same or decreased slightly but is still
higher than before the pandemic.

2. Remote/Automated data collection and microcon-
trollers/single-board computers were used more
rarely during the pandemic but almost equally often
before and after.

3. No major differences in the frequency of use can be
found for software for data analysis/visualization,
digital hardware, programming software (unspe-
cific), and video and sound analysis.
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FIG. 1. Percentage of instructors (N = 68) who used at least
once in their lab course a technology coded in the respective
category (no multiple coding with the same category per
instructor). Numbers in brackets indicate the area of digitalization
according to Ref. [49], i.e., whether the technologies are related
to the laboratory environment (1), processes and procedures (2),
dealing with data (3), or interpersonal communication (4).

Discussion of findings (ii): The different developments
can be explained by the different usability of technologies
during on-campus and distance learning. The technologies
in the first group enabled instructors to conduct their lab
courses even in distance learning forced by the pandemic,
e.g., smartphones/tablets for data collection at home, digital
exams, and communication tools for assessment and
interaction. Thus, these technologies were used more often
during the pandemic than before. The data suggest that
instructors now appreciate the possibilities of these new-
used technologies as the frequency of use has not returned
to the initial value after the pandemic. Contrary, using
remote/automated data collection and microcontrollers

[0 Before the pandemic
3 During the pandemic
] After the pandemic
digital exams/ submis- %— |
sion of work (N = 7) ‘
digital tools for com-
O I
munication/ collab- |
oration/organization ‘
(N = 13)
: I
(computer) simu- |
lation (N = 26) =7
smartphone/tablet 4_
(N = 35

remote/automated data |
collection (N = 19)

single-board com- -
puter (N = 16)

software for data anal-

(N = 56)

]
I
|
microcontroller/ [
|
I
|
I

digital hard- |
ware (N = 8)

programming software |
(unspecific) (N = 18)

video and sound i
analysis (N = 8)

| | | |
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Percentage (%)

o

FIG. 2. Percentage how often each digital technology was
regularly used in physics lab courses before, during, and after the
COVID-19 pandemic. N in brackets indicates how often a
technology coded in the category was listed (multiple codings
with the same category per instructor possible, only technologies
with at least five mentions).

(second group) requires equipment usually available in
laboratories but not in students’ private homes. Thus, their
rarer use during the pandemic in comparison to before and
after can be explained by the limited availability of these
technologies for students in distance learning. The tech-
nologies in the third group, especially software and video/
sound analysis, are rather independent of the learning
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scenario (on-campus or distance learning); therefore, it is
plausible that the frequency of use has not changed over the
pandemic.

All in all, the data suggest that instructors have changed
the use of digital technologies in their lab courses over time.
During the pandemic, they especially used technologies
that were accessible to their students also in distance
learning settings, thus they introduced new technologies
for data collection (e.g., smartphones/tablets) and the
organization of the course (e.g., digital exams, tools for
communication) while lab-specific equipment (e.g., micro-
controller) was used less often. Contrary, technologies that
are independent of the learning setting (e.g., tools for digital
data analysis) have been used the same way also during the
pandemic and afterward. Since the frequency of use of
newly introduced technologies has not returned to the
initial value after the pandemic, the data suggest that
digital technologies are nowadays used more often in
physics lab courses than before.

2. Experiences with specific digital technologies

Findings: The instructors openly described positive and
negative experiences with their listed technologies.
Table III summarizes how the 45 responses were sorted
based on the categories in Fig. 1 and differentiated into
positive, negative, and other experiences. The positive
experiences are particularly related to the opportunities
for easier and faster data collection and analysis, the benefit
for students’ understanding and motivation, and the facili-
tated interpersonal communication. The negative experi-
ences are mainly related to occurring technical problems
and new challenges both for instructors and students to
familiarize themselves with new technologies and software.
This is in accordance with the main challenges for the areas
laboratory environment and dealing with data as described
by Ref. [49] that students need to learn how to handle the
new environment and, e.g., the software for data analysis
with varying prior knowledge while instructors need to
identify which related skills students need to learn, how
they can learn them, and how, e.g., the process of data
analysis can be explicated.

Additionally, instructors shared positive and negative
experiences unrelated to specific digital technologies.
Positively perceived was that digital technologies support
students to work more independently (2 instructors), that
they provide new or more varying opportunities for
experimenting (2), are conducive to understanding (2),
support the acquisition of digital skills (2), motivate
students (1), and facilitate experimental processes (3)
and organizing labs (1). Negative experiences are related
to the different students’ prior knowledge or skills (2), that
digital technologies are black boxes impeding students’
understanding (1) and can distract students from physics
content (1), and that there is a certain (time-related) entry
hurdle to implementing new technologies (2).

The instructors also stated that smartphones/tablets,
microcontrollers, and simulations were particularly used
during the pandemic (4), e.g., because they enabled
students to experiment outside the laboratory (2).
However, three described the burden of quickly choosing,
learning, and implementing these technologies at the start
of the pandemic.

Discussion: The findings here have rather anecdotal
character pointing out the variety of positive and negative
experiences which surely are subjective and depend on the
local conditions in the instructors’ institutions, their exper-
imental tasks, target groups, etc. However, the list of
negative experiences reveals two central dimensions that
can be identified over all technologies. The first one is of
rather technical nature referring to non-functioning, buggy
software and equipment which might either be related to
the manufacturers’ production quality or the instructors’
skills in competently using the technologies. Contrary, the
second dimension is about a lack of (basic) skills in using
the technologies among students. Thus, the reported
experiences show how important the promotion and
acquisition of digital competencies are, both for instructors
and students. Therefore, digital competencies should also
be learning objectives for physics lab courses and a first
step for this learning process might be the identification of
one’s own digital competency gaps (cf. Sec. V C).

B. Attitude toward the use of digital technologies (RQ1)

Findings (i): The instructors’ attitude toward the use of
digital technologies in physics lab courses was recorded
with 15 closed items. As described in Sec. IV C, these items
form one scale, so the mean of each participant’s responses
to all items is considered as the new variable attitude. The
mean participants’ attitude is M = 4.08 (SD = 0.60).

Discussion of findings (i): On average, instructors
responded with agree to each item implying an overall
positive attitude toward digital technologies in physics lab
courses.

Findings (ii): Related open-text responses by 63 instruc-
tors provide deeper insight into the reasons behind their
attitudes and are supplemental to the quantitative responses
also revealing reservations and concerns. The responses
were assigned to eight categories presented in Table IV. A
positive attitude toward digital technologies was argued by
19 instructors with their potential for physics experiments
and students’ competence acquisition, by five instructors
with the general potential for teaching and learning, by
eight instructors with related motivational effects, and by
18 instructors with the contemporaneity of digital tech-
nologies and their relevance for students’ future and labor
market. Nineteen instructors revealed a mixed attitude
toward digital technologies in lab courses stating that they
should not be used as an end in themselves but only if they
have a real benefit in the specific use case. A negative
attitude was related to limitations, difficulties, or problems
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TABLE IIL

Summary of instructors’ past experiences with specific digital technologies in their lab courses based on 45 open text

field responses (number of instructors with similar experiences in brackets, multiple counts per instructor possible), sorted by the

categories in Fig. 1.

Technology

Positive experiences

Negative experiences Other

Lab environment
Digital hardware

Smartphone/Tablet

Microcontroller/Single-
board computer

(Computer) Simulation

Processes/Procedures
Video/Sound analysis

Programming software
(unspecific)

Dealing with data
Digital documentation

Remote/Automated data
collection

Software for data
analysis/visualization

Photos of the setup help students (2);
experiments conductible at the
students’ private homes (2); motivating
(1); everyday reference (1); availability
of handy apps (1); better than
traditional stopwatches (1); unspecific
positive (1)

Wide range of applications (3) &
facilitate data collection (4)

Support the understanding (3); allow
experimentation without hardware (1);
reduce students’ fears (1); are suitable
for distance learning (1); mostly work

(M

Viana [software] works well (1)

Suitable for distance learning (1)

Videos of the experiments contribute to
understanding & are more engaging (1)

Saves time & enables better results (1);
unspecific positive (3)

Wide usefulness (4); quicker data
analysis (2); increasing understanding
(2); unspecific positive (3)

Interpersonal communication

Digital tools for
communication/
collaboration/
organization

Digital exams/
Submission of work

Word processing

Video conferencing is helpful for quick
meetings & exams (2), so increases
flexibility (1); learning platforms and
Excel support organizing the labs (2)

Digital exams improved students’
knowledge about task & their
preparation for lab day (1); digital
submission of reports & feedback
faster (2) & eco-friendly (1)

LaTeX useful & worth learning (2)

Students have problems with the technical Some students
setup (e.g., Linux & Python) (1) have no PC (1)

Insufficient opportunities for reaching the Increasing use due
learning objectives (1); maintenance of to technical
tablets (1); difficulties with the use of the ~ progress (1)
students’ private smartphones (1);
limited opportunities, e.g., for optics (1)

Malfunctions and operational difficulties
often occur (2)

Essential for
physics labs (1)

Bugs in the equipment (1) or a specific
simulation software (1); a specific task
using computer simulations is chaotic

6]

Students unfamiliar with programming
software (2), overwhelmed (1) or do not
want to learn it (1); bad provision &
support by the university (1); software
has bugs (1)

Videos of experiments without explanation
unintelligible (1)

Nice to have but
unnecessary (1)

Cassy [interface for data acquisition]
difficult to use & a black box (1)

Lack of students’ basic skills in using (4) or Essential for
lack of will to learn this software (1); physics labs (3);
students do not think about/understand Relevant for
the results (2); software (like Origin) students’ future
difficult/clumsy (2); software not (1)
available for students’ private computers

(I

Less helpful than face-to-face
collaboration (1)

Digital submission of reports consumes
more time (1)

Unspecific
negative about
digital exams (1)
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TABLE IV. Categories with descriptions and an anchor example as well as the coding-quantity (N = 63 responses, double-coding
possible) based on the analysis of the qualitative responses on the instructors’ attitudes to digital technologies in physics lab courses.

Category Description Example (translated) Quantity
Positive Attitude
Potential for experiments Digital technologies provide new Digital technologies allow us to 18
& competence acquisition opportunities or support the efficiently collect data and analyze it,
conduction of physics experiments which enables students to better
and the experimenting-related understand the setup and physics
acquisition of competencies for the being investigated.
students.
Potential for teaching Digital technologies can support/ Open for ideas, as the use of digital 5
& learning in general improve the teaching and learning technologies can make teaching more
(of physics), but no explicit relation efficient and diverse.
to physics experiments was given.
Motivational effects Digital technologies motivate the Use of digital media [...] is fun, 8
students and increase their interest motivating, and helps to avoid
and engagement. monotonous work.
“It’s contemporary/ the future/ Digital technologies are used Digital technologies play an 18
relevant for the labor market.” everywhere, also in real physics increasingly important role in the
research and the labor market. Thus, actual research and therefore should
it is contemporary and relevant to also be present in lab courses [...].
incorporate digital technologies in
physics labs.
Unspecific positive A positive attitude toward the use of I am very positive about new 7
(specific) digital technologies in technologies.
physics labs is described, but no
reasons/explanations are given.
Mixed Attitude
“Not as an end itself” “Only if it ~ The potential of digital technologiesis ~ Modern digital media should not be 19
makes sense”) not denied but they should be used used as an end in themselves. They
if beneficial in the specific use case are just tools, like others.
and not as an end in themselves.
Negative Attitude
Limitations/Difficulties Limitations that need to be [...] current research does not use 12
acknowledged or difficulties/ smartphones, tablets, or virtual
disadvantages that might occur reality. It, therefore, offers a false
when using digital technologies in a picture of reality in a physics
physics lab are stated. laboratory. [...]
Unspecific negative A negative attitude toward the use of  Students are supposed to learn physics, 7

(specific) digital technologies in

not how to play with phones.

physics labs is described, but no
reasons/explanations are given.

that (might) occur with the use of digital technologies
in the lab course (12 instructors). Some instructors just
stated their attitude (7 positive, 7 negative) without any
explanations.

Potentials of digital technologies mentioned by the
instructors were, for example, the opportunities and higher
flexibility for data processing and visualization, the poten-
tial for deeper understanding, the facility to conduct
otherwise unfeasible experiments, and the increasing stu-
dents’ motivation and interest. Otherwise, limitations of

digital technologies mentioned by the instructors were for
example the heterogeneous students’ digital competencies,
the restricted authenticity of technologies like smartphones
in comparison to real physics research, the importance of
hands-on activities which might be substituted by digital
technologies, or the risk of less understanding (e.g., when a
tool just becomes a black box).

Discussion of findings (ii): Most instructors did not
refer to specific technologies but rather stated a general
attitude toward digital technologies in physics labs, so
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interpreting the results largely depends on which techno-
logies the instructors had in mind when responding to the
question. However, one technology, virtual reality, was
quite explicitly referred to by seven instructors, probably
because it was one of the technologies that were mentioned
in the survey multiple times. Besides one instructor who
stated that virtual reality can make experiments possible
that would otherwise not be feasible in a lab course, they
were quite consistently negative about this technology
(e.g., Virtual experiments are not experiments. or No
virtual reality!) suggesting that they do not see virtual
reality as an adequate substitution for real experiments or
superior to (2D) simulations.

C. Role of digital competencies
as learning objectives (RQ2)

1. Digital competencies compared
to other learning objectives

The instructors ranked five general learning objectives of
lab work by their importance once according to the current
implementation in their lab course (implemented) and once
according to their personal preference (desired learning
objectives). For better visualization, the data were trans-
formed so that 5 is the highest and 1 is the lowest ranking
position.

Findings (i): In Fig. 3, the mean ranking position of each
learning objective is displayed for both implemented and
desired learning objectives. The three most important
implemented learning objectives are learn experimental
skills (M =4.20,SE = 0.12), link theory to practice
(M =3.60,SE = 0.13), and get to know the methods of
scientific thinking (M = 3.23,SE = 0.23). The fourth is
increase their motivation, personal development, and
social competency (M = 2.01, SE = 0.014) and the fifth
acquire digital competencies (M = 1.91, SE = 0.10).

Discussion of findings (i): The data (here and also in
Sec. V D) can be compared with the findings in Ref. [47]
since our survey is largely based on the well-known survey
by Refs. [8,9,47] while only Ref. [47] presents data for the
relevant subsample of university physics educators,
although unfortunately only for German physics pro-
fessors. The comparison needs to be done with caution
because the fifth objective to be rated there was for the
teacher to evaluate the knowledge of the students (which
is an objective but not a learning objective) instead of
acquire digital competencies in our survey. However, to
our knowledge, this is still the most suitable source of
reference data available. The comparison of our findings
with the ones in Ref. [47] reveals that accordingly the
three most important objectives there were also learn
experimental skills (M = 4.4,SE = 0.3), link theory to
practice (M = 4.0, SE = 0.3), and get to know the methods
of scientific thinking (M = 3.2, SE = 0.3), so within the
scope of the standard errors, the ratings agree with
each other.

1 Implemented
Comparative data (implemented)
I Desired
link theory 7 '_H/ .
d t LA
and practice ~»
1 i I =
earn experi- 7 0
mental skills ="
get to know the =
methods of sci- A

entific thinking HH
increase their mo-
tivation, personal
development, and
social competency

acquire digital
competencies

2 3

4 5
lowest rank highest rank

Ranking position

FIG. 3. Mean and standard error of the instructors’ (N = 75)
ranking of implemented and desired learning objectives. The
dashed line indicates the middle-ranking position. If applicable,
comparative data (N = 10) from Ref. [47] is added.

Findings (ii): Between the ranking of the implemented
and desired learning objectives in our survey, no substantial
differences can be seen.

Discussion of findings (ii): Within the scope of standard
errors, mean values only differ for the learning objective get
to know the methods of scientific thinking, so the instructors
would like to emphasize the objective getting to know the
methods of scientific thinking more than it is done in their
lab courses so far (M = 3.84,SE = 0.14 for desired,
M =3.23,SE = 0.14 for implemented).

Findings (iii): The perceived importance of digital
competencies in comparison to other learning objectives
israther independent of the instructors’ attitude toward using
digital technologies in physics lab courses (cf. Sec. V B).
The correlation (Spearman-Rho coefficient) between the
ranking position and the attitude is not significant for
the ranking of the implemented learning objectives
[r(58) = 0.15, p = n.s.] and significant but small for the
desired learning objectives [r(58) = 0.26, p = 0.044].

2. Importance of specific digital competencies

Findings (i): The instructors also rated the importance of
ten specific digital competencies mainly based on the
DiKoLAN-framework. As displayed in Fig. 4, all digital
skills besides identifying legal issues when using digital
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FIG. 4. Mean and standard error of the perceived importance of
specific digital competencies (N = 70-73, some instructors did not
rate all items). The dashed line indicates moderate importance.

media and platforms were rated as at least moderately
important (M > 3). The more subject-specific competen-
cies from the DiKoLAN-framework, data acquisition
(M =4.27,SE =0.10), data processing (M = 4.64,
SE = 0.08), and simulation and modeling (M = 3.63,
SE = 0.11), tend to be rated as more important than rather
general competencies (communication and collaboration
(M =3.14,SE =0.12), presentation (M =3.43,SE=0.13),
and documentation (M = 3.52, SE = 0.13).

Findings (ii): However, the general competencies using
digital tools for information search and evaluation
(M =3.82,SE =0.11) and technical core competencies
(M =3.96,SE = 0.11) are rated as important, too.

Discussion of findings (ii): This might be explained
with a subject-specific interpretation of these skills by
the instructors, e.g., information search and evaluation

associated with preparing for the lab day or technical core
competencies with manipulating lab equipment.

Findings (iii): The rating of each digital competency is
rather independent of the instructors’ attitude (cf. Sec. V B)
toward digital technologies in physics labs as the related
Spearman-Rho correlation coefficient is significant only for
performing computer-aided modeling, programming, and
using existing digital simulations [r(58) = 0.27, p = 0.035].

Discussion of findings (iii): So, instructors with a high
attitude toward digital technologies in physics lab courses
only more strongly desire programming skills.

Findings (iv): The instructors could add up to four
digital competencies they consider as important to be
acquired but were not listed in the predefined answers.
Five out of 73 participants used this opportunity and listed
one (one participant listed two) further digital learning
objective(s) and rated their importance as important or very
important. The added learning objectives were (shortened
and translated): using digital tools to manage scientific
writing, understanding how an analog-to-digital- and a
digital-to-analog converter work, proper digitizing of data,
learning good scientific practice in general, independent
familiarization with digital tools, and recognizing limits
and approximations in digital tools.

Discussion of findings (iv): We consider these responses
as either not specific digital learning objectives (e.g.,
learning good scientific practice in general) or assignable
to the predefined learning objectives (e.g., digital tools to
scientific writing can be mapped to using digital media for
presentation, objectives about meaningfully using digital
tools for data collection can be mapped to collecting data
directly or indirectly with digital tools). Thus, the survey
did not reveal any new digital learning objectives we have
not considered before.

D. Potential of different (digital) forms
of labwork (RQ3)

Findings (i): In addition to the rating of the learning
objectives, the instructors evaluated eight different (digital)
forms of labwork according to their usefulness to achieve the
five main learning objectives. Figure 5 shows the usefulness
of different degrees of openness of lab courses from the
instructors’ point of view. Overall, the instructors rated more
open forms of lab work (an open-ended labwork session and
undergraduate research projects) as more useful to achieve
the learning objectives than a (strongly) guided labwork
session. While differences are rather small for the learning
objectives linking theory to practice, learn experimental
skills, and acquire digital competencies, a high degree of
openness is expected to outperform (strongly) guided lab
sessions when methods of scientific thinking should be taught
or increasing the students’ motivation, personal develop-
ment, and social competency should be fostered.

Discussion of findings (i): Comparative data by
Ref. [47] show that within the scope of standard errors
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FIG. 5. Mean and standard error of the usefulness of different
degrees of openness of lab courses to achieve different learning
objectives from instructors’ point of view (N = 63-64, depend-
ing on the learning objective). The dashed line indicates moderate
usefulness. If applicable, comparative data (N = 10) from
Ref. [47] is added.

instructors nowadays rate the usefulness of a (strongly)
guided labwork session similar to German physics pro-
fessors in the late 90s but rate an open-ended labwork
session as more useful nowadays, especially for link theory
to practice and get to know the methods of scientific
thinking. So, in comparison to 25 years ago, lab instructors
nowadays perceive more open forms of labwork as more
useful than guided forms of labwork. This shift is in
accordance with previous research that has shown that a
higher degree of openness is more conducive to learning
than strong guidance [31] and motivation and scientific
thinking can be better promoted in open inquiry-based
learning settings [16].

I Experiments with smartphones/tablets

I Remote-controlled experiments

[ Virtual Reality environment
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FIG. 6. Mean and standard error of the usefulness of different
technologies in lab courses to achieve the different learning
objectives from the instructors’ point of view (N = 63-64,
depending on the learning objective). The dashed line indicates
moderate usefulness.

Findings (ii): Figure 6 displays how the instructors
perceived the usefulness of different digital technologies
for achieving the learning objectives. In general, computer
simulations, microcontrollers, and smartphones and
tablets are rated as more useful than remote-controlled
experiments and virtual reality environments which are
rated as less useful for achieving any of the five learning
objectives besides acquiring digital competencies.

However, even technologies rated as generally more
useful are not perceived similarly for achieving all learning
objectives. For linking theory and practice and to get to
know the methods of scientific thinking, besides micro-
controllers and smartphones/tablets especially the usage
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FIG. 7. Mean and standard error of the usefulness of digital
technologies in lab courses to achieve the different learning
objectives from the instructors’ point of view (N = 63-64,
depending on the learning objective), determined for each
instructor’s mean of the rating of all five digital technologies
as displayed in Fig. 6. The dashed line indicates moderate
usefulness. If applicable, comparative data (N = 10) from
Ref. [47] is added.

and/or creation of computer simulations are helpful.
Microcontrollers and smartphones/tablets can also better
help to learn experimental skills than other technologies
like virtual reality. To increase the students’ motivation,
personal development, and social competency, smart-
phones and tablets are perceived as more useful than
remote-controlled experiments and virtual reality. Only
for acquiring digital technologies, all technologies are
rated as useful (but again with lower ratings for remote-
controlled experiments and virtual reality).

Discussion of findings (ii): The instructors’ differenti-
ated perception of the potential of the technologies is in
accordance with the literature review in Ref. [93] where
microcomputer-based laboratories and simulations were
rated with a higher potential for supporting different
learning activities and open inquiry than remote labs.
The findings can also be mapped to a rather engineering-
related literature review by Ref. [55] revealing that instruc-
tors link remote-controlled experiments primarily to the
learning objectives fostering conceptual understanding
(cf. link theory and practice) and professional skills

(i.e., technical skills, cf. acquire digital competencies) while
simulated labs (cf. usage/and or creation of computer
simulations) are more often linked to design skills
(i.e., scientific mind and ability to design and investigate,
cf. get to know the methods of scientific thinking), too.

For comparison with data from the late 1990s [47]
where German physics professors rated the usefulness of
experiments using modern technologies (e.g., for data
capture or modeling), we determined each instructor’s
rating of all five digital technologies per learning objective
and derived the according mean and standard error for all
instructors per learning objective. The comparison is
displayed in Fig. 7 revealing that in tendency, digital
technologies are nowadays perceived as more useful to
reach the learning objectives, especially to link theory
to practice and fo learn experimental skills. However,
due to high standard errors in the former study, these
differences are not significant within the scope of standard
errors.

E. Instructors’ future plans about
digital technologies in labs

Findings: 31 instructors described in their own words
whether they have plans to (further) include any digital
technologies or the acquisition of digital competencies in
their lab course of whom 20 mentioned specific plans for
the near future or the recent past, five described at least the
desire for or some initial thoughts about such plans, and six
negated the existence of any plans. Their non-existence was
justified by the focus of their lab courses on traditional
tasks, the preference of desktop computers for tablets for
reasons of cost and theft protection, the lack of smartphones
among some students, and liability issues when students
use private smartphones. The instructors who neither
mentioned nor negated any specific plans explained this
with limited involvement in the lab course conception
(e.g., as student teaching assistants) or just expressed
positive views on digital technologies without formulating
any goals. Specifically mentioned plans are primarily re-
lated to digitalized data collection, especially with micro-
controllers/single-board computers (mentioned by 6 instruc-
tors), external sensors (2), and digital data acquisition and
analysis in general (3). By this, the instructors want to foster
programming skills, deepen the understanding of the theory,
enable more independent, engaging, and project-based
experimental processes, or facilitate data collection and
analysis. Further plans are related to digitalizing learning
materials, e.g., including simulations (2), preparing explana-
tory videos (1), or using digital tools for communication and
collaboration (2) to better prepare the students for the lab
day. Other plans are related to hardware digitalization
(personal computers and active boards), the use of electronic
lab books, the preparation of experiments for distance
learning for future pandemics (1), or more spatial flexibility
for the students (1).
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Discussion of findings: To conclude, most instructors
who responded to this question mentioned some ongoing or
future plans for further implementing digital technologies
in their lab courses. They primarily focus on digital
technologies, especially single-board computers, rather
than competencies to be fostered with the implementation
of these technologies. However, 32 instructors skipped this
question in the questionnaire (either because they have no
related plans or because they did not want to write it down
in the survey) and six further participants negated any
related plans, so one can assume that there is a significant
number of lab courses for which there are no specific plans
for further implementing digital technologies.

F. Discussion of study limitations

As our survey is about the instructors’ perception of the
role of digital technologies, the findings largely depend on
the group of participants. We cannot fully rule out the
possibility of socially desirable responses or a bias in
participation that probably especially instructors with a
positive attitude toward and/or a lot of experience with the
use of digital technologies in their lab courses participated
in our survey. Also the mode of data collection using an
online survey tool might have affected the participation due
to varying instructors’ web affinity, albeit we assume that
the resulting selection bias is of much lower relevance than
the aforementioned similar, but more significant attitudes
and experiences related to digital technologies in lab
courses.

Furthermore, the responses depend on the instructors’
perception of the used terms in our survey, especially what
modern digital technologies are or what the described
learning objectives and forms of labwork are about. To
mitigate this, we provided descriptions, definitions, and
examples as far as possible and reasonable. However, the
provided list of digital technologies might have also
influenced the perception of digital technologies as one
instructor mentioned in the final open text field that the
survey focuses heavily on smartphones/tablets and com-
pletely ignores standalone computers as a digital medium.
Relating thereto, a further limitation of our study is that we
have not narrowed down our survey to, e.g., one specific
area of digitalization as identified by Ref. [49] but used the
term modern digital technologies in a broad meaning even
though it is hard to compare so different forms of
digitalization like virtual reality or smartphone experiments
with software for word processing or data analysis. Future
work should definitely focus specific areas of digitalization
or even specific technologies. However, we accepted this
limitation for our own study in favor of our study goal to
capture a kind of screenshot of the use of digital tech-
nologies and the importance of acquiring digital compe-
tencies in the interested physics lab courses. This goal had
the consequence that we needed to be open about what we
understand under modern digital technologies to get as

many different responses from as many instructors as
possible to investigate what they understand under modern
digital technologies. And Fig. 1 and the shared experiences
and attitudes in Tables III and IV show exactly this diverse
perspective on digital technologies in physics lab courses.
So, from our point of view, the broad concept of the term
digital technologies in our study is a limitation we could
not avoid, if we wanted to provide this overview, especially
as the prior work by Ref. [49] certainly gave us some
indications but their findings have not been based on a large
empirical base yet.

Another limitation we are aware of is the risk that despite
several control cycles taken by us translations might have
led to slightly different survey versions. Nevertheless, we
decided to provide the questionnaire in the three national
languages of our target countries to lower the threshold for
participation by minimizing the risk of language-related
obstacles.

Moreover, the sample size is crucial for the reliability of
our findings. For data protection purposes and for reducing
the risk of socially desirable responses, we could not
ask the participants about their institutions. Thus, it is
difficult to estimate the actual coverage rate of our survey
within the main target group (instructors for introductory
and advanced physics lab courses). To provide at least a
cautious estimation, in Table V we compare the number of
institutions (universities, universities of applied sciences,
etc.) with at least one physics-related undergraduate degree
program (e.g., physics major, physics teacher education,
applied physics, physical engineering, etc.) in the three
countries with the number of survey participants who are
responsible for introductory or advanced lab courses. By
this, we acknowledge that there is usually more than one
instructor per lab course (e.g., with all the student assist-
ants) but often only one is in charge of the lab course, i.e.,
actually responsible. However, we cannot exclude the
possibility of instructors not being the head of a lab course
but still feeling responsible for it (e.g., as they designed
materials for the course) and there are also institutions with
more than one introductory and advanced lab course.

TABLE V. The subsample size of those survey participants who
are responsible for the concept or organization of an introductory
or advanced lab course in comparison to the number of
institutions with physics-related undergraduate degree programs
per country (Germany (DE), Finland (FI), and Croatia (HR)) to
estimate the survey coverage rate.

DE FI HR

Institutions with minimum one physics- 86 9 4
related undergraduate degree program

Survey participants responsible for
Introductory lab course
Advanced lab course 7 3 2
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Overall, we suspect that we reached a good coverage of the
target group especially in Finland and Croatia while in
Germany the target group size impedes comparable pro-
portions. Since we anyway found only slight differences
between the three different countries (cf. Table VI in
Appendix A), we would argue that the sample size is
not a serious limitation of our survey.

VI. CONCLUSION AND OUTLOOK

A. Review and outlook on digital technologies
and competencies in physics lab courses

We surveyed physics lab instructors in Germany,
Finland, and Croatia to investigate the status quo of digital
technologies and related digital competencies in European
physics lab courses. Here, we discuss our findings related
to the impact of the emergence of new digital technologies
and the COVID-19 pandemic on physics lab courses to
examine implications that our findings might have regard-
ing possible goals and paths for future transformations.
This provides a review and outlook on digital technologies
and competencies in physics lab courses.

Our findings show that digital technologies are indeed
part of physics lab courses as 61 out of 68 participants
stated that they have used digital technologies in their lab
courses at least once and on average even more than three
digital technologies are used. They concern all four areas of
digitalization of lab courses [49], especially the data
analysis with corresponding software, data collection with
smartphones or tablets, microcontrollers, or other equip-
ment for remote or automated data collection, and the use
of computer simulations. The COVID-19 pandemic has
boosted the use of digital technologies as the instructors
reported a higher frequency of use of digital technologies
after the pandemic in comparison to before (cf. Fig. 2 and
Fig. 8 in Appendix C). Especially digital technologies for
digital exams or submission of work and communication,
collaboration, and organization as well as computer sim-
ulations and smartphones or tablets were newly introduced
in many lab courses for their implementation under
pandemic conditions and remained afterward.

The instructors reported an overall positive attitude
toward digital technologies in physics lab courses that
was primarily argued with the related potential for con-
ducting experiments and the students’ competence acquis-
ition as well as their contemporaneity implying importance
for the students’ future and labor market. However, many
instructors also stated clearly that digital technologies
should not be used as an end in themselves but rather
when their use is beneficial in the specific use case.
Accordingly, they perceived different digital technologies
as distinctly useful to follow the learning objectives (e.g.,
computer simulations for linking theory to practice and
getting to know the methods of scientific thinking, micro-
controllers, and smartphones or tablets for learning

experimental skills and for increasing the students’ moti-
vation, personal development, and social competency).

The instructors also perceive a variety of digital tech-
nologies as useful to support the students’ acquisition of
digital competencies (even with the otherwise critically
perceived virtual reality environments). However, in com-
parison to the other learning objectives (especially learning
experimental skills and linking theory to practice) acquir-
ing digital competencies plays a subordinate role both in
the instructors’ current implementation in their lab courses
and their desired (future) state. Even though the focused
acquisition of digital competencies is perceived as rather
unimportant in comparison to other major learning objec-
tives, the instructors agree that students should learn
(besides other digitally aided activities like information
search and evaluation) how to collect and process data with
digital tools. That is also in accordance with the digital
technologies the instructors have already implemented and
can be mapped to the highly rated importance of students’
acquiring experimental skills. Instructors with a higher
attitude toward the use of digital technologies in lab courses
perceive the students’ acquisition of digital competencies in
general and performing of computer-aided modeling, pro-
gramming, and use of digital simulations in particular as
more important than instructors with a lower attitude.

This review of the status quo shows that the digital
transformation in our society accelerated by the COVID-19
pandemic has largely influenced physics lab courses,
especially regarding the use of digital technologies that
tend to be perceived as more useful for reaching the lab
course learning objectives as in the former survey by
Ref. [47] in the late 1990s (cf. Fig. 7). However, according
to the instructors, the choice of technologies should be
made with care by considering the intended purpose of
use to avoid use as an end in itself. The acquisition
of digital competencies is perceived as less important
than other learning objectives of physics lab courses.
Correspondingly, the instructors’ specific future plans are
linked to the increasing use of new digital technologies,
especially microcontrollers and single-board computers,
but not specifically to the students’ acquisition of digital
competencies.

For future transformations, the findings reveal that
instructors would like to focus more on the students fo
get to know the methods of scientific thinking and consider
open forms of labwork and the usage and/or creation of
computer simulations as useful to reach this learning
objective. The same applies to the two main learning
objectives, learning experimental skills and linking theory
to practice, where microcontrollers and smartphones or
tablets could support their achievement. For this, the
versatility, portability, and availability of smartphones
and other mobile devices as labs in a pocket [58] makes
them a very promising perspective also for more open
forms of student experimentation like in design labs or
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undergraduate research projects being more conducive to
learning [13,16,20], which today can already draw on a
broad extant body of literature (cf. Ref. [62] for a review,
Ref. [56] for a broad collection of inspiring examples, and
Ref. [18] for work specifically related to undergraduate
research projects).

B. Ideas for future investigation

The presented survey can be seen as a basis for further
investigations. Similar surveys in other countries both in
Europe and other continents (e.g., the United States or
Asian countries) would provide a more global, holistic
view of the status quo of digital technologies and com-
petencies in physics lab courses. With higher sample
sizes, one could also more deeply investigate differences
between different countries and lab course types since
especially the learning objectives might be different for
specific target groups (e.g., physics major vs medicine
students). Furthermore, it would be worthwhile to mirror
the instructors’ perceptions as investigated in this survey
with the students’ perspective and research data from a
validated instrument for measuring the acquisition of
digital competencies. In the latter case, it would particu-
larly be interesting to measure to what extent the students
acquire digital competencies in physics lab courses and in
comparative studies whether the different forms of lab-
work and digital technologies have the potential for
reaching the different learning objectives as perceived
by the instructors.

Additionally, similar surveys could be conducted in a
regular thythm to investigate and map the developments
and transformations of physics lab courses over time. We
motivated our survey with a similar one done by
Refs. [8,9,47] about the learning objectives of physics
lab courses in the late 1990s and how the use of digital
technologies was perceived at that time. Our survey
renewed this perspective with contemporary digital tech-
nologies but even while the presented survey was con-
ducted, with artificial intelligence large language models
like ChatGPT [94] new technologies have appeared that
will have a significant impact on teaching and learning
in general and probably also on physics lab courses (e.g.,
for lab reports, the students’ preparation for a lab day,
automated feedback and assessment, or general possibil-
ities listed in [95]). Thus, physics lab courses undergo a
permanent transformation process led by different drivers

like advancing digitalization and the emergence of ever-
new digital technologies that should be observed and
reflected in progress, to ensure modern and high-quality
university physics education in the long term.

VII. ETHICAL STATEMENT

The online survey was anonymous. In addition to an
access time stamp, only personal data that participants were
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accordance with the General Data Protection Regulation
of the European Union and were coordinated with the data
protection officer of the University of Gottingen. All
participants were informed about the survey goals and
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APPENDIX A: OVERVIEW OF SIGNIFICANT DIFFERENCES
FOR COUNTRIES AND LAB COURSE TYPES

TABLE VL

Overview of significant differences within sections of the questionnaire regarding the participants’ countries and lab

course types. With a Kruskal-Wallis test (a¢ = 0.05) differences (related p-values in square brackets) were identified. Afterward,
pairwise comparisons were done to search for significant differences (only Bonferroni corrected comparisons with pp < 0.05

are reported).

Section

Differences between the countries

Differences between the lab course types

Role of digital learning
objectives in comparison
to other learning
objectives

Importance of specific
digital competencies
perceived by the
instructors

Potential of different
(digital) lab formats for
achieving different
learning objectives

No significant differences were found.

* Using digital tools for information search and
evaluation [p = 0.034] but all pp > 0.05.

o Identifying digital competence gaps [p = 0.010]
was rated as more important by Croatian instructors
than by Finnish (pg = 0.008).

* Learning experimental skills: German instructors
rated remote-controlled experiments [p < 0.001]
as less useful than Finnish (pp < 0.001) and
Croatian (pg = 0.005) and microcontroller

[p = 0.014] as less useful than Croatian

(pp = 0.046). The usage and/or creation of
computer simulations was significant [p = 0.032]
but all pp > 0.05.

e Getting to know the methods of scientific thinking.
Croatian instructors rated microcontroller

[p = 0.007] as more useful than German

(pp = 0.006) and Finnish (pp = 0.036).

* Acquire digital competencies: German instructors
rated remote-controlled labs [p = 0.016] as less
useful than Finnish (pg = 0.045). The usage and/
or creation of computer simulations was significant
[p = 0.047] but all pp > 0.05.

e Learn experimental skills (implemented)
[p = 0.047] but all pg > 0.05.

e Increase their motivation, personal development,
and social competency (implemented) [p = 0.042]
was rated as more important for other labs than
introductory (pp = 0.035).

No significant differences were found.

* Getting to know the methods of scientific thinking
was significant for smartphones/tablets
[p = 0.044] but all pg > 0.05.

e Increasing the students’ motivation, personal
development, and social competency: Remote-
controlled experiments [p = 0.011] were rated as
less useful in engineering labs in comparison to
introductory (pp = 0.011) and advanced

(pp = 0.021) labs and that the usage and/or
creation of computer simulations [p = 0.012] is
less useful in engineering labs in comparison to
advanced labs (pg = 0.008).
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APPENDIX B: DESCRIPTIVE STATISTICAL PARAMETERS

TABLE VII. Descriptive statistical parameters of the used closed items in the questionnaire. In brackets, the related figure or section
where the data are discussed or displayed is given. For the full survey instrument in all four languages see Supplemental Material [86].

Section Item

N Min Max M SE

Learning objectives for physics lab courses (cf. Fig. 3)
Implemented Link theory to practice
Learn experimental skills
Get to know the methods of scientific thinking
Increase their motivation, personal development, and social
competency
Acquire digital competencies

Desired Link theory to practice
Learn experimental skills
Get to know the methods of scientific thinking
Increase their motivation, personal development, and social
competency
Acquire digital competencies

Specific subcategories of digital competencies (cf. Fig. 4)
Using digital tools for documentation
Using digital media for presentation
Communication and collaboration with digital tools
Using digital tools for information search and evaluation
Collecting data directly or indirectly with digital tools
Processing data with digital tools
Performing computer-aided modelling, programming, and using
existing digital simulations
Technical core competencies
Identitying legal issues when using digital media and platforms
Identifying digital competence gaps

Relationship between special forms of labwork and the learning objectives (cf. Fig. 5 & Fig. 6)
Linking theory and practice A (strongly) guided labwork session

An open ended labwork session

Undergraduate research projects in groups

Experiments with smartphones/tablets

Remote-controlled experiments

Virtual reality environment

Usage and/or creation of computer simulations

Microcontroller

Learning experimental skills A (strongly) guided labwork session
An open ended labwork session
Undergraduate research projects in groups
Experiments with smartphones/tablets
Remote-controlled experiments
Virtual reality environment
Usage and/or creation of computer simulations

Microcontroller
Getting to know the methods A (strongly) guided labwork session
of scientific thinking An open ended labwork session

Undergraduate research projects in groups
Experiments with smartphones/tablets
Remote-controlled experiments

Virtual reality environment

Usage and/or creation of computer simulations
Microcontroller

75
75
75
75

75

75
75
75
75

75

73
70
72
73
73
73
73

72
73
72

63
63
63
63
63
63
63
63

64
64
64
64
64
64
64
64
63
63
63
63
63
63
63
63

—

[N NS I NS I NS I S S S w—y

— e e e e e e

e e e e e R R e e b e e e e
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WD L

[V, IV, N SN, N, IV, RV, IV, IRV, IV, IV, IV, IV, IV, IV, IV, BV, IV, IV, [, [, I, &, I V)

3.60 0.13
420 0.12
323 0.14
201 0.14
1.96 0.12
328 0.15
3.68 0.15
3.84 0.14
229 0.15
191 0.10
352 0.13
343 0.13
3.14 0.12
3.82 0.11
4.27 0.10
4.64 0.08
3.63 0.11
396 0.11
279 0.14
3.44 0.13
357 0.16
395 0.12
394 0.14
3.02 0.13
2.62 0.14
2.60 0.14
341 0.14
3.06 0.14
375 0.14
420 0.12
4.19 0.13
3.11 0.13
250 0.14
231 0.13
264 0.17
3.58 0.12
3.06 0.16
4.17 0.10
4.16 0.13
275 0.13
240 0.13
248 0.13
34 0.14
2.87 0.14
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TABLE VII. (Continued)

Section Item N Min Max M SE
Increasing the students’ A (strongly) guided labwork session 64 1 5 2.64 0.14
motivation, personal An open ended labwork session 64 1 5 3.84 0.13
development, and social =~ Undergraduate research projects in groups 64 1 5 448 0.11
competency Experiments with smartphones/tablets 64 1 5 294 0.13
Remote-controlled experiments 64 1 4 209 0.11
Virtual reality environment 64 1 5 2.31 0.12
Usage and/or creation of computer simulations 64 1 5 2.73 0.14
Microcontroller 64 1 5 2.81 0.14
Acquiring digital A (strongly) guided labwork session 64 1 5 291 0.15
competencies An open ended labwork session 64 1 5 3.14 0.15
Undergraduate research projects in groups 64 1 5 347 0.16
Experiments with smartphones/tablets 64 1 5 3.89 0.13
Remote-controlled experiments 64 1 5 3.39 0.15
Virtual reality environment 64 1 5 338 0.15
Usage and/or creation of computer simulations 64 1 5 434 0.10
Microcontroller 64 1 5 423 0.13
Attitudes towards the use of modern digital technologies in a lab course (cf. Sec. V B)
When used correctly, modern digital technologies make a 62 2 5 432 0.10
physics lab course better.
I do not want modern digital technologies to be included in 63 1 5 459 0.10
my physics lab course. (inverted)
Modern digital technologies are a trend that university teaching 61 1 5 3.89 0.17
should not follow. (inverted)
I find it difficult to adapt to technical innovations. (inverted) 63 2 5 446 0.10
Modern digital technologies only cause disturbance in the 63 1 5 416 0.12
physics lab course and distract from the
learning content. (inverted)
Dealing with modern digital technologies and media content is 62 1 5 423 0.13
part of the educational mission of the university.
Modern digital technologies should become a 62 1 5 421 0.12
natural part of learning.
Modern digital technologies expand the scope of action for 62 1 5 435 0.10
designing physics lab courses.
The use of modern digital technologies can have a positive 63 1 5 398 0.10
impact on students’ learning success.
The use of modern digital technologies can have a positive 63 1 5 411 0.10
impact on students’ motivation and engagement.
Modern digital technologies can enable students to work 62 1 5 3.73 0.12
self-responsibly and independently.
Modern digital technologies can enable students to develop 63 1 5 335 0.11
further social skills and to work in groups.
With modern digital technologies, one can foster students more 62 1 5 3.50 0.13
adequately according to their skills.
In general, modern digital technologies should be part of 62 1 5 415 0.12
teaching and learning in a physics lab course.
Modern digital technologies should only be used in a 63 1 5 424 0.10

physics lab course if they cannot be avoided

(e.g., in home labs during the COVID-19 pandemic). (inverted)
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FIG. 8.

APPENDIX C: VISUALIZATION OF THE FREQUENCIES OF USE OF DIFFERENT DIGITAL
TECHNOLOGIES OVER THE COURSE OF THE COVID-19 PANDEMIC
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During vs before the pandemic

Visualization of the three different developments (boosted, impeded, and stable) of the frequency of use of different digital

technologies over the course of the COVID-19 pandemic. The coordinates of each digital technology were derived by subtracting the
values from Fig. 2 for before from during and during from after the pandemic.
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