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Abstract In a newly designed course on special questions about multimedia in
physics teaching and learning, multicoding, multiple and multimodal (haptovisual)
representations of complex measurement data are created (for example, by 3D
printing). In addition, the pre-service teachers in this seminar design interactive
learning and working materials for pupils. The focus is on selecting, providing and
using different task formats and visualizations in a way that is appropriate for the
target group. The results of the accompanying pilot study show effective knowledge
acquisition, especially in TPACK. Furthermore, the participants were able to imple-
ment the acquired learning content in the design of pupil-oriented, inquiry-based
learning environments.

1 Introduction

Experiments play a central role in physics teaching. Set-up, preparation and optimal
execution are important topics in studies and the focus of various courses. If the set-up
of an experiment is too complex, dangerous, costly, or time-consuming, if the experi-
mental material is not available, or if the conduction poses particular dangers, experi-
mentation in the distance laboratory is an alternative way to teach experimental skills
and competencies (Thoms and Girwidz 2015). The importance of remote learning
for the future is reflected in the large number of highly funded past and present Euro-
pean research projects to develop and implement remote-controlled experiments via
the Internet (Auer et al. 2018; Maleti¢ et al. 2021; Persano Adorno and Pizzolato
2020). In particular, conducting an experiment via a computer or mobile device
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opens up new possibilities for training experimental skills such as documenting
measurement results (Hoyer and Girwidz 2020). Digital competencies regarding the
selection of suitable representations and the visualization of measurement data can
also be addressed (Hoyer and Girwidz 2018). Therefore, beyond the acquisition of
experimental competencies, the appropriate use of digital media is also promoted.
However, an unfavourably moderated use of digital media in the classroom carries the
danger of a cognitive overload of the learners (Sweller 2010; Schnotz and Bannert
2003). Therefore, future teachers must be specially trained for this. The selection
and provision of digital media for pupils requires sound technological pedagogical
content knowledge (TPACK) (Koehler et al. 2013). Since only good teaching expe-
rience on the part of the teacher can ensure sustainable acceptance and appropriate
use of digital media in the classroom (Mayer and Girwidz 2019), this professional
teacher knowledge should already be imparted during university teacher training.

Despite the urgent need to incorporate digital competencies in teacher education
(Carrillo and Flores 2020), research reveals a lack of ICT-oriented pre-service teacher
training (Ferndndez-Batanero et al. 2020). In order to promote the integration of the
use of digital media in teacher training, the Joachim Herz Foundation has founded
the Kolleg Didaktik: digital, in which it supports teaching projects related to the use
of digital media in science teaching.

This chapter describes a newly developed teaching concept to promote the use of
digital media in physics education, which is primarily based on cognitive theories of
multimedia learning (Mayer 2014). In addition to the benefits that can be achieved
by taking into account the principles of multimedia learning, students are also made
aware of possible negative influences on the learning process due to unfavourable
implementations (Sweller 2010; Schnotz and Bannert 2003).

2 Methods

The teaching project, ‘Promoting experimental skills and training analysis of complex
data with digital media’, was developed and has been carried out at the Chair of
Physics Education at LMU Munich since the 2018 summer term. The project aims
to provide prospective teachers with background knowledge on the targeted use of
digital media in physics lessons. New content was integrated into existing seminars
for learning and teaching physics, as well as for school-related experimentation.
In addition, a compulsory elective in-depth course was offered in the winter term
2018/19 (2 h/week, 15 weeks, 3 ECTS credits, 90 h of total workload). The effec-
tiveness of the implementations on attitudes towards and knowledge about the use of
digital media in physics education was investigated through questionnaire surveys in
a pre-post design. In addition, the students’ implementation of what they had learned
in the learning materials produced was evaluated. The course ‘Teaching with digital
media: multimedia and 3D printing in physics lessons’ has a modular structure. In
this way, individual modules can easily be transferred to other courses. The modules
of the course are briefly presented below.
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2.1 Didactic Aspects of Multimedia Learning

When selecting suitable multimedia learning materials, not only technical aspects
have to be considered. An unfavourably moderated use of digital media in the class-
room harbours the risk of cognitive overload for the learners (Sweller 2010; Schnotz
and Bannert 2003). Therefore, theories of multimedia learning are discussed (Mayer
2014). In addition, an online compendium with interactive examples on topics rele-
vant to teaching is available for further illustration (Girwidz et al. 2018). Central to
this is always the illustration of what has been learned using interactive examples on
topics relevant to teaching. Participants thus not only learn about the theory behind
multimedia physics teaching but also practical examples that can be beneficial in
later teaching practice.

Figure 1 shows an animation with multiple representations of an accelerated
motion as an example of multicoding. At the top left, a film-like representation
of the motion of a steam locomotive is shown. At the top right, the motion is shown
in a stroboscopic image of the colour-coded rear wheel. At the bottom left, we see in
a diagram the position of the locomotive in metres plotted against time in seconds.
In addition, the speed in m/s over time is plotted in a diagram at the bottom right. By
linking the different representations, learners can deepen the new learning content
and connect what they have learned with existing knowledge.

Strobe recording
@0 ¢ ¢ o o
ettt
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Position in meter Position in meter
A Position vs. Time graph A Speed vs. Time graph
A5 === 5 o o 154
340
g3+ e
€301 510—-
§25 H
%204 8
&15-4 & st
104
54 SR
F—t—t— ettt ettt
1.2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
Time in seconds Time in seconds

Fig. 1 Example of multiple representations of a constantly accelerated movement
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Another example of multicoding is given in Fig. 2. The Boyle-Mariotte law is
shown as a graph in a diagram, as an iconic model of the gas particles in a closed
cylinder with variable volume and as a logical representation in the form of a math-
ematical formula. With the help of a 3D printer, three-dimensional models can be
printed out and then be viewed by the learners and palpated with their hands at the
same time. Figure 3 shows a multimodal representation of the p—V-T state curved
surface of the ideal gas. An isotherm is drawn in the model. By rotating and tilting
the model, the projections of the isotherm into the possible viewing plane become
comprehensible for students.

Fig. 2 Multicoding. < Jd K~ 2
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Fig. 3 Multimodality. 3D
print of the p—V-T state
curved surface of the ideal
gas: a top view on the state
surface, b p—T perspective, ¢
T-V perspective, d p—V
perspective (Hoyer et al.
2020)
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2.2 Digital Media in Physics Lessons

The students learn about different types of multimedia applications and their advan-
tages and disadvantages. Using an established evaluation scheme, animations,
simulations and remote labs are analysed and categorized regarding motivational
aspects, content and methodology (Altherr et al. 2003; Dgbowska et al. 2013). This
gives participants an overview of multimedia applications for physics teaching and
learning. In addition, the assessment skills of the students are promoted.

2.3 Digital Data Acquisition in Real, Remote and Virtual
Experiments

The possibilities of digital measurement acquisition in physics teaching have been
immensely expanded by technological progress in recent years. Prospective teachers
should have a broad knowledge of the available methods and the associated exciting
and interesting new possibilities for conducting experiments, recording measured
values and subsequent evaluation. Hence, students get to know different systems
and use them in various experiments relevant to physics teaching. The course thus
provides an overview of common methods for digital data acquisition. At the same
time, the students have the opportunity to integrate these procedures into prac-
tical teaching scenarios and to try them out independently using common school
experiments.

Digital data acquisition systems from the manufacturers of teaching aids are
well established in physics teaching and are available in many schools. However, it
is not possible to predict which system will be available at the future school of a
prospective teacher. The different systems also have various advantages and disad-
vantages, depending on the specific purpose. Therefore, we attach great importance
to the fact that our teacher candidates get to know different data acquisition systems
during their studies and build up a teaching-related assessment competence regarding
the use of digital data acquisition.

For tablets and smartphones, manufacturers of teaching aids also offer so-called
smart sensors. These can be coupled directly with a mobile end device via Bluetooth.
The sensors are set-up and the data is collected, processed and displayed directly on
the mobile device. In addition, the data can also be transferred to other people or
devices for further evaluation.

Smartphones and tablets have a variety of built-in sensors that can also be used
for digital data acquisition. Depending on the model, some or all the following sensors
can be used:

e GPS (indicates location)

e Accelerometer (measures acceleration)

e Gyroscope (measures rotation)

e Magnetometer (measures magnetic flux density)
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Fig. 4 Measuring distance Vi
with an Arduino and an f

ultra-sonic sensor

Light sensor

Proximity sensor (measures distance to an object)

Barometer (measures air pressure)

Pulse oximeter (measures oxygen saturation in blood and pulse rate).

The use of different video analysis apps, such as Viana, Vernier Video Physics,
VidAnalysis and Tracker, is also tested in the seminar. For example, the students
record the vertical throw of a ball from a moving car with Viana and evaluate the
recording regarding different physical laws.

Microcontrollers and microcomputers such as Arduinos and Raspberry Pis can
also be used to record measured values in physics lessons (Girwidz and Watzka 2018).
Firstly, the acquisition costs are many times lower than for systems designed for along
service life and mechanical stability. Secondly, working with Arduino, Raspberry Pi
and Co. also builds interdisciplinary skills. In the seminar, various experiments are
carried out with the Arduino Uno, with the participants writing programme code
themselves under guidance, planning and building circuits and then developing their
own experimental instructions for later use in teaching practice (Fig. 4).

Remote and virtual laboratories allow student-friendly and independent exper-
imentation, even in expensive or dangerous experiments (Thoms and Girwidz 2017).
Students are given an overview of existing remote and virtual laboratories (Table
1, for exemplary remote labs, see Fig. 5, for a review of virtual and remote labs in
education see (Heradio et al. 2016)). Furthermore, the implementation in teaching
scenarios is discussed.

2.4 Two and Three-Dimensional Representations
of Measured Values

If measured values are recorded digitally, they can be presented very easily, for
example, via a beamer. However, modern technology offers many more possibilities
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Table 1 Exemplary remote lab projects

Project Country Link

Remotely Controlled Germany http://rcl-munich.informatik.unibw-

Laboratories—RCL muenchen.de/

Relle Brazil http://relle.ufsc.br/labs/

Rexlab Brazil https://rexlab.ufsc.br/

Ises Czech Republic http://ises.info/

Weblabdeusto Spain https://weblab.deusto.es/website/

GO-LAB The Netherlands https://www.golabz.eu/

FREI—Ferngesteuerte Reale Germany https://frei.web.th-koeln.de/HTML/ind

Experimente iiber das Internet ex.php

UNILabs Spain https://unilabs.dia.uned.es/

OpenSTEM Labs United Kingdom http://stem.open.ac.uk/study/ope
nstem-labs

iLab Project @ MIT USA https://icampus.mit.edu/projects/ilabs/

Remote Farm Germany https://remote.physik.tu-berlin.de/

ar

Fig. 5 Selected remote laboratories used in the course: magnetic field of a permanent magnet (left)
(http://did.physik.lmu.de/sims/magneticfield/index_de.html), Spectrometric assessment of lamps
(middle) (http://myrcl.net) and Optical Fourier transformation (right) (http://rcl-munich.informatik.
unibw-muenchen.de/)

to present experimental results both two- and three-dimensionally. In the seminar,
different visualizations of experimentally obtained data are discussed and tried out.
Thereby, the use of remote labs has proven to be highly effective, as learners can
initially concentrate fully on the characteristics of different forms of representation
(Hoyer and Girwidz 2018) (Fig. 6). Thus, measured values are recorded, evaluated
and visualized for standard experiments.

2.5 3D Printing in Physics Teaching and Learning

The ability to address multiple senses (multimodality) is one of the strengths of
multimedia-based teaching. However, so far, multimodal applications have mostly
been used to address content from acoustics (Girwidz et al. 2019a). 3D printing
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Fig. 6 Representations of the field of a magnet; each representation accentuates different
information (Hoyer and Girwidz 2018)

offers an innovative way to produce haptovisual representations of complex rela-
tionships. Hence, basic knowledge of 3D printing is imparted. For example, students
use Tinkercad to design a 3D model by themselves and then print it out. Participants
also learn the basics of creating a 3D visualization of experimentally obtained data
based on a student experiment they conducted themselves. As creating 3D print-
able models is usually complex and impractical for school practice, the (prospective)
teachers need supportive assistance. Our approach was to provide web pages that can
help with the creation of 3D printable models, both for functions and for measure-
ments. For instance, the function plotter can be used to draw an interference pattern
of two plane circular waves by using the formula

fx,y) = COS(%W) + cos(zl—g\/m> (1)

and the interval for both x and y of [-50;50]. The function plotter will then generate a
black and white image (Fig. 7) where the colouring of a pixel represents the maxima
and minima, respectively, at the time shown. Students can easily import this image
into 3D printing software (Fig. 8) and print it out (Fig. 9). 3D printing is particularly
suitable for representations of potentials (Fig. 10), as the 3D printer applies individual
layers one after the other, thereby automatically making equipotential lines visible
(corresponding to the layer thickness).

We have also created a suitable website, especially for processing three-
dimensional measurement data. The data is copied into a text field in a prede-
fined format (Fig. 11) and again a black and white image is created in which the
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Fig. 7 Visualization of the
interference of two circular
waves

Fig. 8 The black and white 3
image can easily be Ultimaker sese
converted into a 3D model

Fig. 9 3D print of the
interference of two circular
waves

z-component is coded in the pixel colour (Fig. 12), so that the measurement data can
easily be printed out in three dimensions (Fig. 13).

Sometimes even direct recordings from a webcam can be usefully processed for
3D printing. For example, diffraction patterns can be recorded with a webcam (Fig. 14
left). The diffraction image can be used for 3D printing, whereby the brightness of
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Fig. 10 3D model (left) and 3D print (right) of a two-dimensional slice of the gravitational potential
of the earth and moon

Fig. 11 The function plotter Data plotter for 3D printing
accepts comma-separated
values ,-100,0.001304567

-14,-99,0.001389378
-13,-99,0.001397004
-12,-99,0.001439011
-11,-99,0.001389378
-10,-99,0.001387423
-9,-99,0.001389378
-8,-99,0.801268564
-7,-99,0.001344958
-6,-99,0.001344403
-5,-99,0.001392063
-4,-99,0.001307789
-3,-99,0.001384567
-2,-99,0.001396323
-1,-99,0.00126234
©,-99,0.0014312770, -

Plot data

Fig. 12 Magnetic flux
density around a bar magnet
visualized as black and white
image

the pixels is interpreted as a z-component in 3D printing so that a three-dimensional
representation of the diffraction image can be viewed and palpated (Fig. 14 right).
The intensities can be seen much better from the 3D model. Nevertheless, sources of
error must be considered, such as possible saturation of the camera and non-linear
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Fig. 13 3D print of the
magnetic flux density around
a bar magnet

Fig. 14 Webcam image of a diffraction pattern (left) and 3D print made from it (right)

conversions, so that the 3D printout created may only be regarded as a qualitative
interpretation aid.

As another example, thermographic images can be prepared for 3D printing in
such a way that the height profile of the 3D print corresponds to the temperature
profile of the captured object (Fig. 15). In this way, the false colour representation
of the thermographic camera is converted into a haptovisual representation of the
temperature conditions.

2.6 Use of Digital Media to Train Experimental Skills

In addition, the module teaches how the development of experimental competencies
in the classroom can be supported by the use of digital media. For this purpose,
various experimental competencies are systematically considered together with a
suitable use of digital media as well as appropriate examples. Exemplarily, different
multimedia applications for physics education are described regarding their role in
physics education as well as their contribution to the promotion of media competence.
(Girwidz et al. 2019b).
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Fig. 15 Thermal images as an example of multicoding and multimodality (Thoms et al. 2020)

2.7 Interactive Learning and Working Material

Interactive task formats can activate and individually support learners. With learning
management systems (LMS) such tasks can be organized, structured and provided.
The students use various LMS (Moodle, Graasp and WISE) to create digital learning
materials for remote inquiry activities (Fig. 16). Differences between the various
LMS are also discussed.

Fig. 16 Exemplary learnings path created by participants and implemented in moodle (left), WISE
(middle), or Graasp (right)
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3 Results

The effectiveness of the newly developed teaching project on attitudes towards and
knowledge about the use of digital media in physics teaching was investigated in
a pilot study by means of questionnaire surveys in a pre-post design. The results
show a clear gain in technological pedagogical content knowledge (TPACK) for all
participants. With regard to the attitude towards the use of digital media, a differen-
tiated picture emerges. While the intention to use digital media in the classroom has
increased overall, some participants had a very positive attitude at the beginning and
put it into perspective somewhat after the course.

In addition, the students’ implementation of what they had learned in the learning
materials produced was evaluated. This allowed us to check whether and which of
the learning objectives of the seminar were also implemented by the students in the
creation of pupil-oriented learning environments. The product analysis showed that
all participants have absorbed the essential knowledge content and can now apply it.
The marks awarded by the students were also correspondingly good.

Overall, it can be said that the modular design of the seminar is advantageous. The
module on theories of multimedia learning was particularly helpful as an introduction.
On this basis, the students selected digital media and planned the implementation
of their experiment in the LMS. Hence, the students were able to link their course
project—the creation of interactive learning and working materials for inquiry-based
learning in a remote lab in an LMS—with the weekly meetings and homework.
This gave them more time to develop the materials and allowed them to familiarize
themselves with the respective learning platform. By presenting their products in
plenary, the students received feedback from their peers and lecturers on how to
improve their work. At the end of the course, all participants had carried out their
own measurements with digital data acquisition systems. The recorded data were
processed on the computer and visualised in a pupil-friendly way. Among others,
the students prepared selected examples in 3D and printed them out. Compared to
three-dimensional visualizations on the screen, three-dimensional printouts can be
viewed freely and intuitively from all sides.

4 Discussion

The course on the use of digital media in physics teaching described here was
designed in such a way that both general and subject-specific digital competences
of prospective teachers are promoted. In developing the course, the TPACK model
(Koehler et al. 2013) was primarily used as a basis for designing the development of
physics-related digital teaching skills. Now, DiKoLAN—a framework for the digital
competencies for teaching in science education—provides an orientation aid that
can be used to specify and check the addressed competencies (Becker et al. 2020;
Kotzebue et al. 2021; Thyssen et al. 2020). An analysis of the learning objectives
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pursued in the teaching concept shows that core competencies from all competence
areas of DiKoLAN are promoted, albeit to varying degrees (Thoms et al. 2020b).
A special feature of this course was that it was open to students from all semesters
of the physics teacher training programme, especially to first-year students. The
course was designed accordingly. Neither specific technical knowledge nor peda-
gogical competences nor special media skills were required. All basics were worked
outin the seminar. Nevertheless, advanced knowledge, in word processing (especially
paragraph layout) and spreadsheets (especially formulas and diagrams) proved to be
helpful. The semester assignment was to create interactive learning and work mate-
rials for inquiry-based learning in the distance lab. The knowledge imparted in the
individual modules can thus be directly applied. Setting up, using and maintaining
the 3D printer must be done conscientiously and requires additional knowledge
(Assante et al. 2020). Although models can be created very quickly by students using
a computer, the operation of the printer should first be supervised by a professional.

Acknowledgements We would like to thank the Joachim Herz Foundation for accepting us into
the Kolleg Didaktik: digital and for the associated support for our teaching project.
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