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Nowadays, teachers are facing a more and more digitized world, as digital tools are 
being used by their students on a daily basis. This requires digital competencies in 
order to react in a professional manner to individual and societal challenges and 
to teach the students a purposeful use of those tools. Regarding the subject (e.g., 
STEM), this purpose includes specific content aspects, like data processing, or 
modeling and simulations of complex scientific phenomena. Yet, both pre-service 
and experienced teachers often consider their digital teaching competencies 
insufficient and wish for guidance in this field. Especially regarding immersive tools 
like augmented reality (AR), they do not have a lot of experience, although their 
willingness to use those modern tools in their lessons is high. The digital tool AR 
can target another problem in science lessons: students and teachers often have 
difficulties with understanding and creating scientific models. However, these 
are a main part of the scientific way of acquiring knowledge and are therefore 
embedded in curricula. With AR, virtual visualizations of model aspects can 
be superimposed on real experimental backgrounds in real time. It can help link 
models and experiments, which usually are not part of the same lesson and are 
perceived differently by students. Within the project diMEx (digital competencies 
in modeling and experimenting), a continuing professional development (CPD) 
for physics teachers was planned and conducted. Secondary school physics 
educators were guided in using AR in their lessons and their digital and modeling 
competencies for a purposeful use of AR experiments were promoted. To 
measure those competencies, various instruments with mixed methods were 
developed and evaluated. Among others, the teachers’ digital competencies have 
been assessed by four experts with an evaluation matrix based on the TPACK 
model. Technological, technical and design aspects as well as the didactical 
use of an AR experiment were assessed. The teachers generally demonstrate a 
high level of competency, especially in the first-mentioned aspects, and have 
successfully implemented their learnings from the CPD in the (re)design of their 
AR experiments.
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1. Introduction

To succeed in an increasingly digitized world, competencies 
regarding digital tools are more and more necessary. Regarding 
students’ everyday life and media use, those competencies need to 
be taught in school, which requires teachers to improve their own 
information and communication technology (ICT) skills (Tondeur 
et al., 2017). This way, teachers can build a bridge between students’ 
digital literacy and the subject-specific content aspects. Following 
Shulman’s (1986) model of pedagogical content knowledge (PCK), 
Mishra and Koehler (2006) developed the TPACK framework. It 
additionally includes educational technologies that teachers need to 
handle in their lessons, while emphasizing their interactions. Since the 
development of TPACK, digital competencies not only require using 
technology but further address individual and societal challenges, so 
they go beyond “traditional” technical skills as included in the 
framework. Taking this into account, the DPaCK model (Huwer et al., 
2019) features aspects of digitality in an extended form.

One educational technology that has lately been gaining relevance 
in many areas is augmented reality (AR). It enables users to add virtual 
components to a real-world environment by superimposing visual 
information directly on a real-time camera view (Carmigniani and 
Furht, 2011), via a smartphone or tablet. As defined by Milgram et al. 
(1995), AR is set in the reality-virtuality continuum, and—instead of 
immersing the user in a completely virtual environment like virtual 
reality (VR)—augments certain aspects of the real world. The use of 
AR is also growing in the educational context (Altinpulluk, 2019). 
With this tool, abstract concepts like scientific models can be linked 
to a real-life context, making it easier for students to understand them 
(Bloxham, 2014). Many studies of different STEM subjects have 
assessed the use and effects of AR in science teaching and learning. In 
chemistry lessons, AR can be used to show invisible or submicroscopic 
structures, or to provide the learner with visual support (Huwer et al., 
2018). Furthermore, the impact of AR on understanding 
submicroscopic particles through spatial continuity is investigated 
(Peeters et al., 2023). In biology, among others, the effect of AR on 
learning attitudes was analyzed (Weng et al., 2020). In mathematics 
education, AR can be used in the field of geometry (Koparan et al., 
2023). Lastly, in physics lessons, studies measured the impact of AR 
on cognitive load (Altmeyer et al., 2020) and flow student experience 
(Ibáñez et al., 2014). One promising example of AR in the classroom 
can be created using GeoGebra,1 a dynamic mathematics software. It 
can be used to examine relationships and explore scientific laws in an 
interactive 3D model. The advantage here is that changes to one 
element of the model directly affect all objects related to it. To 
experiment with AR, the virtual dynamic 3D model, initially 
constructed with GeoGebra, is superimposed on a real experiment 
using the mobile app GeoGebra 3D Calculator. It allows to place the 
3D model on any surface and to adjust it to real experiments (see 
Figure 1). This way, usually unobservable objects with an explanatory 
power enrich the traditional classroom experiments by linking and 
comparing models and experiments in real time (Teichrew and 
Erb, 2020).

Implementing and creating 3D models in the context of AR 
experiments can be placed within existing competency frameworks for 

1 https://www.geogebra.org/

STEM teacher education, such as DiKoLAN (Thoms et al., 2022). It 
provides a structured orientation about digital competencies for 
pre-service science teachers. Among other aspects, it includes the use of 
simulations and models in science lessons. It can be used as a base for 
university curricula to include digital competencies in teacher training, 
more precisely the purposeful use of AR experiments. To achieve this, a 
science teacher enriches the real experiment by overlaying it with a (self-
created) virtual, visually appealing 3D model in AR so that the 
underlying phenomenon can be better understood by the students. The 
3D model should be  operated intuitively, and an adequate learning 
objective that emphasizes the AR experiment’s complexity and added 
value should be provided. Furthermore, the appropriate implementation 
of AR in the classroom has potential positive effects on students’ learning. 
Several studies have shown that AR experiments can successfully reduce 
learning-irrelevant cognitive load and promote concept learning 
(Altmeyer et al., 2020; Thees et al., 2020). These benefits, in addition to 
the rise of AR as a digital teaching tool, establish AR-related skills of 
teachers as relevant future-related competencies.

In STEM education, subject-specific aspects of PCK include the 
use of models to understand scientific phenomena. Creating and 
working with models is a main part of acquiring scientific knowledge 
and is therefore embedded in curricula (e.g., NRC, 2012). This requires 
model competencies, hence the teachers’ ability to work with models 
and to explain them to students (Upmeier Zu Belzen et al., 2019), or to 
discuss the (re-)construction of models and the underlying 
idealizations (Winkelmann, 2023). Nevertheless, international studies 
have shown a need for improvement in teachers’ and students’ model 
competencies (e.g., Louca and Zacharia, 2012; Gilbert and Justi, 2016). 
In STEM education, the distinction between the constructed model 
world and the experimental reality, which exist side by side, must 
be taken into account. However, students have difficulties deliberately 
separating them (Thiele et al., 2005). Furthermore, many students find 
models abstract and difficult, in contrast to experimenting 
(Winkelmann et  al., 2022). Despite the overlap of model and 
experiment as presented above, this new concept of AR experiments 
does not mix the model and experiential worlds. Instead, scientific 
modeling takes place while the real experiment can be manipulated at 
the same time. The superimposed 3D objects, which are clearly 
recognizable as virtual, make their model character clear (e.g., the light 
rays in Figure 1). Therefore, in addition to the digital competencies, 
training in modeling for teachers is needed, so that models can be more 
widely introduced in class.

The digital competencies (based on TPACK) necessary for the 
meaningful use of AR experiments include the operation of the 
GeoGebra software, the handling of hardware (smartphones or 
tablets), and the didactic implementation of those digital tools in the 
classroom. On the other hand, STEM lessons require subject-related 
model competencies, which include modeling scientific phenomena, 
as well as understanding models as a tool of scientific knowledge 
acquisition. Both areas overlap in AR experiments since digital 
competencies are essential to acquire model competencies. The 
following research questions are therefore addressed in the 
presented project:

 1) Which digital competencies are necessary to use AR 
purposefully in the classroom, and how can they be measured?

 2) Does a CPD about using AR experiments in physics lessons 
improve the teachers’ modelling competence?
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With digital skills as future-related competencies being the focus 
of this Research Topic, research question 2 is not addressed in detail 
in this paper. However, as imparting digital competencies without 
the inclusion of substantive subject matter knowledge appears to 
be useless, model competency was introduced here theoretically and 
is examined in more detail in the presented project.

2. Materials and methods

The aim of the study presented in this paper was to measure 
teachers’ digital and model competencies necessary for a purposeful 
use of AR experiments in physics lessons. For this purpose, a mixed 
methods approach was adopted, and various measurement 
instruments were designed, tested and evaluated (see Figure 2). They 
were applied within a continued professional development (CPD) 
for secondary physics teachers (N = 20) in Hesse, Germany. Over the 
course of 6 months in five successive sessions (see Figure 3), the 
participants learned to create virtual 3D models with GeoGebra by 
reflecting their construction process and underlying idealizations, 
and to implement them as AR experiments in their own lessons. 
Their progress was accompanied by a survey and their AR 
experiments were documented to measure their competencies 
regarding dynamic 3D models. The CPD began with the basic 
principles of models as a part of acquiring scientific knowledge 
(input phase). In three consecutive development sessions, the 
participating teachers learned to use GeoGebra to create (or modify 
existing) 3D models, accompanied by an online self-study 
module2 (workshop phase). They implemented the finished AR 

2 The hyperlink to the self-study module can be provided by the authors 

upon request (in German).

experiment in their own lessons, using the experiences and their 
students’ feedback to revise the models if necessary and to optimize 
their accompanying materials (practice phase). Lastly, the teachers 
reflected on the implementation with the group in a final session and 
peer-evaluated each other’s AR experiments.

Regarding the understanding of models, a questionnaire 
contained qualitative open questions about the teachers’ 
understanding of models and closed-ended vignettes on the didactical 
handling of models in science lessons (Billion-Kramer et al., 2020). 
The teachers’ open answers were rated by four experts according to a 
coding manual (see Supplementary Table S1, based on Windschitl and 
Thompson, 2006). Furthermore, the teachers could participate 
voluntarily in semi-structured interviews during the practice phase of 
the CPD to give individual feedback on their modeling process and 
their experience with using the AR experiments in their lessons. Six 
to nine months after completion of the CPD, the teachers were 
interviewed again as part of a follow-up study. At this time, 
developments regarding the explicit use of models and AR 
experiments in the classroom were investigated in order to verify the 
sustainability of the CPD.

In order to assess the group of participating teachers in terms 
of their prior experience with AR and GeoGebra, as well as their 
attitudes towards digital tools like AR in the classroom, those were 
examined in the pretest. For their GeoGebra experiences, open and 
closed questions, and Likert scales were used (see Table 1). For their 
attitudes and willingness to use digital tools in class, 14 items with 
four-stage Likert scales were used (adapted from Vogelsang et al., 
2018), and the teachers’ statements were obtained with semi-
structured interviews. Those constructs were measured because 
they can possibly be  linked to the teachers’ digital modeling 
competencies and their success in creating AR experiments for 
their lessons.

During the workshop phase, the teachers were instructed to 
prepare AR experiments for their own lessons. Regarding topics, they 
were free to choose whichever they could fit in their lesson planning 
and which classes they like to implement the AR experiment in. For 
this purpose, they received detailed step-for-step instructions 
embedded in three interactive learning units which intended to 
convey them the skills and techniques to create 3D models from 
scratch in GeoGebra. However, it was not assumed that all 
participants implement a fully self-made AR experiment in their 
lessons. They were given a broad selection of prepared 3D models to 
provide them with ideas and the possibility to use (and, if necessary, 
modify) the existing AR experiments. The teachers could decide 
based on their individually available time and skills whether to use 
those or to create one from scratch. In order to document the context 
and the experiences with the AR experiments in a structured way 
directly after their use in the lessons, the teachers were given an 
implementation sheet. This was also intended to serve as an aid to 
memory in the reflection session.

To measure the teachers’ digital competencies regarding 
modeling and using dynamic 3D models for AR experiments, a 
rating system was created and applied by four AR experts after the 
reflection session (see Table 2). The matrix was based on the TPACK 
model and contains five different aspects linked to the modeling 
process, each with five levels of digital competencies needed for 
modeling dynamic 3D models. Levels 1, 3, and 5 of each aspect were 

FIGURE 1

Example of an augmented reality (AR) experiment: image formation 
behind a real-life plane mirror with modeled rays of light.
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fully verbalized for this purpose, while 2 and 4 each represented 
interim levels in case the raters considered a competency level not 
fully met but still higher than the previous one. The rating 
instrument was developed based on the questions regarding the 
teachers’ GeoGebra experiences assessed in the pretest of the study. 
The matrix is a transfer of TPACK’s general categories of 
technology-related knowledge of teachers to competencies related 
to AR experiments. TK refers to the technology knowledge which 
enables teachers to operate software and hardware. In terms of AR 
experiments as presented above, this refers specifically to the 
teacher’s ability to construct a 3D model in GeoGebra, or to select 
and/or adapt an existing model. The technological content 
knowledge (TCK) builds a bridge between the subject-specific 
content and the technologies that can represent it. Here, this means 
that the scientific content visualized in the 3D model is accurate. 
The technological pedagogical knowledge (TPK) refers to a teacher’s 

ability to choose the right (educational) technology for their lesson. 
In this category, two focal points of the CPD were identified to 
be  included, so that it is represented twice with a user-friendly 
design and the formulation of an appropriate learning objective. 
Lastly, the technological pedagogical content knowledge (TPACK) 
links all prior types of knowledge with the idea of a subject-specific 
technology that reaches an educational goal. In the context of AR 
experiments, this competency refers to enhancing a real-life 
experiment by virtual components for a better understanding of 
both the model and the experiential phenomenon.

Although the advanced DPaCK model aims at new challenges 
in society while targeting 21st century skills (Griffin et al., 2011), 
the rating system developed in this study was based on TPACK. The 
CPD in the project trains teachers in a very technological way, 
which is complemented with the didactical question of a meaningful 
use of AR experiments in STEM lessons. Digitality, which is the key 

FIGURE 2

Overview of measurement instruments and variables.

FIGURE 3

Structure of the CPD.
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issue in the DPaCK model and defines modern society, has not yet 
arrived in the reality of many teachers and schools. As a previous 
assessment of needs revealed (Freese et al., 2021), there is still need 
for improvement in digital equipment at a majority of German 
schools. Based on this reality, the study participants were still more 
likely to be  in a state of digitalization as considered in 
TPACK. Digitality, for which competencies are required according 
to DPaCK, is in some cases still a future state that has not yet been 
achieved. During the CPD, the teachers’ existing knowledge and 
skills were taken into account by utilizing the widely referenced 
TPACK framework. Nevertheless, the competency requirements in 
the presented rating system go further at certain points, such as the 
concrete didactical implementation of AR experiments in 
the classroom.

In a reduced form, the rating system was also given to the teachers 
(n = 8) during the reflection session to give peer feedback to their 
colleagues. For an effective CPD, providing helpful feedback is essential 
as it helps teachers track their improvement in competence (Lipowsky 
and Rzejak, 2015). The mutual evaluation provided information on 
their own learning progress and their understanding of AR 
experiments, as well. As the teachers used the same evaluation matrix 
for the feedback to their colleagues, the insights could be applied for a 
validity check. The peer feedback matrix did not contain the TK aspect, 
as it was purely objective based on the construction process. The focus 
of the matrix was on the more subjective aspects of the competencies, 
such as the teachers’ ability to plan and implement effective AR 
experiments. The teachers were provided with a description of the 
highest level of each competency aspect to guide their evaluation and 
ensure consistency in the feedback process.

3. Results

3.1. Measurement of digital competencies: 
the evaluation matrix

To rate the teachers’ digital competency surrounding AR 
experiments, a matrix was developed to assess the creation and use of 
AR experiments. It was used by four experts who also authored this 
paper (Table 3) and by the teachers in the reflection session to provide 
peer feedback (Table  4). The mean ratings of the five competency 
aspects with standard deviations for each of the demonstrated AR 
experiments are presented. The first two AR experiments could not 
be tested in class until the reflection session and therefore the TPK of 
those two teachers was not evaluated (n. e.). The objective TK aspect 

was not individually rated by all four experts, which is why no standard 
deviation is given there. As it was not rated by the peer teachers, either, 
the aspect is omitted in Table 4 to avoid redundancy.

Even at first glance, a high proportion of green cells can be seen, 
which stand for the highest competency rating (level 4 or 5). 
Especially regarding TCK and TPK 1, i.e., the content-related and 
didactical design of the models, the results are predominantly very 
good. Even though only three teachers developed their models from 
scratch, the other teachers were credited for successfully finding a 
suitable existing 3D model for their lessons. Nevertheless, it should 
be noted that the TPK 2 aspect (didactical use) reaches the lowest 
score in the expert rating (3.36 points on average). In contrast, the 
standard deviations here and for the TPACK aspect are particularly 
high. This is also reflected in the inter-rater correlation. Spearman’s ρ 
shows no to small correlation in these two aspects (Cohen, 1977), 
whereas for TCK and TPK 1, the correlation is moderate and partially 
significant (see Table 5). These results are discussed in the following 
section. The assessment of the AR experiments by the didactic 
experts shows agreement with the peer feedback that the teachers 
gave each other (see Table 4). The overall average score in the peer 
rating (4.29 points) is higher than in the expert rating (4.03 points). 
The rankings of the AR experiments are similar: In both ratings, the 
Teltron tube and the conductor swing 2 (both created from scratch) 
are rated the highest overall, each obtaining more than 86% of the 
maximum achievable score. The lowest peer rating scores are found 
in the TPK 1 and TPK 2 aspects, which in several cases was not even 
rated at all by the teachers. Possible reasons for this circumstance are 
also discussed below. Not all eight teachers always fully assessed each 
AR experiment in all competency aspects, which is reflected in the 
mean scores.

3.2. Measurement of digital competencies: 
examples of teachers’ AR experiments

During the three workshop sessions, the teachers were trained in 
creating 3D models in GeoGebra. These were used in their own 
lessons during the three-month practical phase, and the 
implementation was reflected on together in the final session. As 
follows, two AR experiments created or modified by participants are 
presented in order to demonstrate the rating system for the teachers’ 
digital competencies. These were chosen due to their high ratings by 
both the experts and the peer teachers. They originate from different 
physical subject areas and differ in their degree of independence 
during the modeling process.

TABLE 1 Aspects of teachers’ GeoGebra experiences.

Aspect Item Response domain

Versions of GeoGebra Which versions of GeoGebra do you know? Multiple choice

Functions of GeoGebra Which of the following GeoGebra features and capabilities are you familiar with? Multiple choice

Other geometry software Which other geometry software do you know? Open question

Use of GeoGebra When was the last time you used GeoGebra in or for physics class/in the context of physics? Single choice

Familiarity with GeoGebra How familiar are you with GeoGebra? Five-stage Likert scale

Opinion of GeoGebra How would you describe your opinion of GeoGebra? Five-stage Likert scale

Recommending GeoGebra How likely are you to recommend GeoGebra to your colleagues? Eleven-stage Likert scale
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Figure 4 shows an AR experiment made from scratch (TK level 5 on 
a scale from 1 to 5) for the determination of the specific charge of an 
electron in the Teltron tube (A: full view; B: detailed view), which, 
however, had not yet been implemented by the participating teacher until 
the reflection session for practical teaching reasons. The implementation 
was planned as a demonstration experiment in the upper secondary 
school. At first glance, the content-related design of the model (TCK) 
appears to be good to very good (predominantly level 4 or 5 in the expert 
rating), as the relevant subject content is correctly processed. However, 
the algebraic commands used for construction show that the model was 
not modeled physically, but only graphically. This makes it difficult to 
adapt it to the real experiment, the conditions of which, moreover, often 
vary. The didactical design is also largely convincing (TPK 1 mostly level 
4 or 5). One criticism is that some labels are not clearly visible, but the 
comprehensibility can be ensured for use as a demonstration. Due to the 
fact that the AR experiment was not used, the technological-pedagogical 
knowledge of the teacher (TPK 2) was not assessed in this case. The 
assessment of the teacher’s digital modeling competency is also 
predominantly positive (TPACK level 4 or 5). In addition to the modeled 
objects, which make the invisible visible, this is also supported by the 
teacher’s own idea of extending the real experiment onto the Teltron 
tube. As a classical demonstration experiment, this usually comes up 
against the limit in class that in a bright environment the electron beam 
is no longer easily visible. Here, the modeled electron path with AR can 
provide a virtual supplement.

Another teacher decided to adapt an existing model of a lever 
(see Figure 5) to the conditions in their school (TK level 3) and to use 

it as group work in 9th grade. The teacher’s TCK is rated as very high 
(level 5), the content of the model is correct and comprehensible. The 
didactical design (TPK 1) is also convincing. The didactical use (TPK 
2), on the other hand, is predominantly rated in the medium range 
(level 2 or 3), since the added value of the AR experiment in the 
classroom seems to have been conveyed only implicitly: The reported 
learning objectives of “promoting understanding” and “clarity” do 
not emphasize the special character of an AR experiment. Overall, 
the teacher’s digital modeling competency (TPACK) is nevertheless 
predominantly assessed as good to very good (level 4), as the teaching 
application can basically work in class.

3.3. Measurement of model competencies

Although the focus of this paper lies on STEM teachers’ digital 
competencies, some findings from the measurement of the model 
competency of the study participants will be briefly summarized at 
this point. In order to be  able to work successfully with AR 
experiments in the classroom according to the understanding 
described above, a certain model competency is also required, since 
the AR experiments and especially the virtually superimposed 3D 
models are based on scientific models. Even though a major advantage 
of AR experiments is the fact that models are displayed in real time on 
top of the experiment, making it easier for the learners to understand, 
the teacher must of course have appropriate subject-specific content 
knowledge about models when creating or selecting them.

TABLE 2 Rating system for the teachers’ digital competencies regarding their AR experiments.

Variable Level 1 Level 3 Level 5

Digital skills (TK) The teacher can find a dynamic 3D model by 

other authors in the material collection on 

geogebra.org and open it on a mobile device 

using the AR mode

The teacher can save a third-party 

dynamic 3D model in their own profile, 

extend it with other elements, and edit the 

model’s design. They can open it on a 

mobile device using the AR mode

The teacher can construct and operate their own 

dynamic 3D model from scratch and open it on a 

mobile device using the AR mode

Content-related design 

(TCK)

The teacher has created or used a dynamic 

model in which there are scientific 

inaccuracies or errors

The teacher has created or used a dynamic 

model that is essentially scientifically 

correct. Individual relations between 

variables are not comprehensible

The physical content of the dynamic model is 

accurate and the relations between all variables are 

transparent

Didactical design 

(TPK 1)

The teacher has created or used a dynamic 

model that contains design objects which are 

unnecessary or obstructive for 

understanding and operating: e.g., all objects 

are still present in the algebra list; axes, 

planes and coordinate grids interfere with 

the graphics view

The teacher has created or used a dynamic 

model that is visually appealing, even if 

there are still auxiliary objects in the 

display. It might lack helpful labels (e.g., of 

vectors)

The dynamic model is visually appealing: the user’s 

view has been reduced to the relevant variables and 

only contains necessary labels. The list of algebraic 

commands has been properly shortened (auxiliary 

objects hidden). The model can be operated 

intuitively

Didactical use of AR 

experiments (TPK 2)

The teacher has implemented an AR 

experiment in class without formulating an 

(appropriate) learning objective

The teacher has formulated a learning 

objective that is generally focused on the 

use of experiments OR models

The teacher has phrased an appropriate learning 

objective for the implementation of the AR 

experiment which matches its complexity and 

underlines the profitable character of this 

technology

Digital modeling 

competency (TPACK)

The teacher has created or used a dynamic 

model that only illustrates the result of the 

experiment without evaluating the physical 

and epistemological context of effects

The teacher has created or used a dynamic 

model that complements the real 

experiment, but for the most part consists 

of elements already visible in the 

experiment and thus only replicating them

By being augmented by the virtual contents, the 

teacher enhanced the real experiment so that the 

underlying phenomenon can be easier understood. 

It is clear which parts of the phenomenon are 

represented by real experiment materials or by 

virtual objects Teichrew and Erb (2020)

https://doi.org/10.3389/feduc.2023.1180266
https://www.frontiersin.org/journals/education
https://www.frontiersin.org
http://geogebra.org


Freese et al. 10.3389/feduc.2023.1180266

Frontiers in Education 07 frontiersin.org

The teachers’ model competencies were rated by four experts 
according to a coding manual. The teachers’ individual answers to the 
open-ended questions were classified into five different levels. For a 
good understanding of models, it is primarily relevant whether the 
teachers perceive models and modeling—in addition to 
experimentation—as a tool for acquiring scientific knowledge at all. 
Teachers with a high model competency, for example, should 
understand models beyond an empiricist and pictorial perspective 
(Windschitl and Thompson, 2006), but also as processes or systems 
and see their function in predicting phenomena and as a basis for 
scientific thinking. Nevertheless, it must be said restrictively at this 
point that the study does not allow for a meaningful quantitative 
evaluation due to the small sample of those who answered the 
vignette test (n = 6) and the open-ended questions about models 
(n = 7) before and after the CPD. As a rough overview, however, it can 
at least be stated that the majority of teachers slightly increased their 
model competency over the course of the CPD, both in the open-
ended questions and in the vignette test. On average, their 
understanding of models slightly increased, and the didactic handling 
of models in the classroom also approached the expert solution in the 
vignette test for most teachers. Again, these results are limited due to 
the small number of participants, so this can only be interpreted as a 
rough estimate of the CPD’s success. On a larger scale, the quantitative 
vignette test has the potential to serve as a valid method for 
measuring STEM teachers’ model competency.

3.4. Teachers’ qualitative statements

In the reflection session, the teachers stated that creating their 
own AR experiment for the lessons involves a lot of work and that they 

were therefore relieved about the existing 3D models. They expressed 
the wish that the materials created (by the participants and the project 
team) be bundled in a sorted collection3 and made available as open 
educational resources (OER). According to the teachers’ reports, the 
feedback from the students was mostly positive, especially in the 
higher grades. Technical difficulties were mainly complained about 
due to the equipment at the schools or the students’ outdated mobile 
devices. Furthermore, it became apparent that the different subject 
areas of physics are differently suited for 3D modeling in the AR 
experiments. While the area of optics offers great potential, the added 
value of 3D-modeled force vectors (e.g., mechanics) in AR, compared 
to classical drawings or simulations, is not directly apparent to 
teachers and students. This should therefore be emphasized more 
clearly to promote model competency in the classroom, and also 
be discussed with the students. In order not to lose sight of the model 
aspect of AR experiments by dealing with the real experimental 
materials, a stronger focus was put on theoretical models by input 
lectures in the workshop phase.

4. Discussion

The evaluation of the teachers’ digital competencies based on their 
AR experiments is a pure expert rating, which was only used by the 
physics didactics members of the project diMEx, who designed and 
conducted the CPD. Therefore, it should be noted at this point that the 
matrix requires appropriate training for use by external raters in order 

3 https://physikexperimentieren.uni-frankfurt.de/ar-experimente/ (in German).

TABLE 3 Expert-rated competency aspects of the teachers’ AR experiments (mean and standard deviation).

TK TCK SD TPK 1 SD TPK 2 SD TPACK SD

Inclined plane 5.00 4.00 0.71 2.75 1.30 n. e. – 3.75 0.43

Teltron tube 5.00 4.00 1.22 4.00 1.22 n. e. – 4.25 0.83

Fermat’s principle 2.00 4.00 0.71 4.00 0.71 2.75 1.30 3.75 1.09

Lever 1 1.00 5.00 0.00 5.00 0.00 3.50 0.50 3.50 1.12

Lever 2 1.00 5.00 0.00 5.00 0.00 2.75 0.83 3.50 1.12

Lever 3 3.00 5.00 0.00 4.75 0.43 2.75 1.30 3.75 0.43

Conductor swing 1 3.00 3.50 1.12 4.50 0.50 4.75 0.43 4.50 0.50

Conductor swing 2 4.00 4.75 0.43 4.25 0.83 3.75 0.83 4.75 0.43

Umbra & penumbra 1.00 5.00 0.00 4.50 0.50 3.25 1.48 4.25 0.83

TABLE 4 Peer-rated competency aspects of the teachers’ AR experiments (mean and standard deviation).

TCK SD TPK 1 SD TPK 2 SD TPACK SD

Inclined plane 4.71 0.45 3.57 1.40 n. e. – 3.14 0.99

Teltron tube 3.67 1.37 4.00 1.15 n. e. – 4.75 0.43

Fermat’s principle 4.29 0.88 4.43 0.73 4.60 0.80 4.71 0.70

Lever 1 4.43 0.73 4.71 0.45 3.43 0.73 4.00 1.20

Conductor swing 2 4.71 0.45 4.00 1.20 4.50 0.50 4.83 0.37

Umbra & penumbra 4.63 0.48 4.25 1.09 4.43 0.90 4.63 0.70
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to know exactly the criteria for good AR experiments. Although the 
expert raters were actively involved in creating the evaluation matrix 
(see above), the first round of ratings resulted in a very low inter-rater 
correlation. Therefore, a rater training was carried out. It consisted of 
an in-depth reflection between the experts on the particularly 
disputable ratings from the first round. Without knowing the specific 
ratings of the other experts or which expert rating was standing out, 
the definitions of each competence level in the matrix were discussed 
again for these aspects and ambiguities were cleared up. The second 
round of ratings slightly improved the inter-rater reliability, but the 
agreement is still not very high (especially in the TPK 2 aspect). The 
assessments of the competency aspects between the experts from 
physics didactics, who carried out the rating, strongly deviate from 
each other in isolated cases. As can be seen in Table 5, the inter-rater 
concordances for TCK and TPK 1 turn out to be moderate. For the 
aspects TPK 2 and TPACK, on the other hand, which refer to the 
actual use of AR experiments in the classroom, no or only a weak 
correlation can be discerned. On the one hand, this can be explained 
by interdependencies of the aspects since the digital modeling 
competency (TPACK) and didactical use (TPK 2) often depend on 
each other. However, even without the actual use of the AR 
experiment, a digital model competency of the teacher can 
be determined, since the design and content aspects of the model are 
also a part of it. Lastly, it should be noted that a majority of the existing 
models which some teachers selected for their lessons and partially 
adapted, were created by one of the experts. Therefore, this expert 
conducted a special examination of the content and design aspects 
(TCK and TPK 1), which stands out from the other experts in the 
rating. The rater training on how a good AR experiment can be created 
with GeoGebra, however, has still been reasonably effective regarding 
the inter-rater correlation here.

The good mean expert rating for the two competency aspects 
TCK and TPK 1 is due to the content focus of the CPD. Thanks to the 
detailed self-study module, the teachers were trained at a fundamental 
level for the creation of 3D models in GeoGebra, in particular with 
regard to technically correct interrelationships in the programming 
and design aspects for a student-friendly, intuitive usage. The overall 
lower ratings of the teachers’ TPK 2 aspects who used an AR 
experiment in the classroom requires a critical examination of the 
content of the CPD. This was strongly focused on the creation of 3D 
models and the basics of GeoGebra, so that the actual use in class was 
not clearly addressed. Also, in their feedback, the teachers expressed 
the wish to accompany them on the way to the implementation more 
closely. As they stated in the reflection session and in the interviews, 
their students liked the idea of using AR in class, but sometimes did 
not really see the purpose or added value of an AR experiment, as 
opposed to a simulation. This issue was also discussed by the teachers 
over the course of the CPD. The potential of AR applications to spark 
students’ interest and motivate them to learn was also mentioned by 
the participants. They noted that their students enjoyed using digital 
media to visualize scientific connections. As mobile devices and apps 
were already part of their everyday lives, it should be easy to make 
connections in the classroom. A CPD that focuses more strongly on 
classroom practice with AR should thus address this benefit: The 
participating teachers should explicitly learn to design a lesson or 
series of lessons around the AR experiment and accompany it with 
worksheets on which the learning objective is the common thread. It 
should also address the specific questions of the teachers concerning 
AR usage in the classroom, including how to operate the devices and 
software and how to explain it to students. As noted in many of the 
research papers on AR in science education presented above, they are 
often studies in a university setting. Student work with AR in a school 
context has been less frequently investigated, which includes the actual 
use of AR applications in the classroom (TPK 2  in the presented 
evaluation matrix). Therefore, the didactic preparation for this should 
be considered much stronger in future formats (see below).

The agreement of the results in the peer feedback with the expert 
rating indicates the reliability of the developed rating matrix. Even 
though the expert rating is more critical overall, a clear tendency 

TABLE 5 Inter-rater correlation (Spearman’s ρ) in the expert rating, means 
for each individually rated aspect.

TCK TPK 1 TPK 2 TPACK

Correlation coefficient 0.349 0.389 0.146 0.061

Interpretation Cohen (1977) Moderate Moderate Small None

FIGURE 4

(A) Self-created AR experiment of a participating teacher on the Teltron tube, seen through the camera of a tablet. (B) Detailed view of the AR 
experiment on the Teltron tube. The electron beam is only visible in a darkened room.
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emerges through the rankings of the individual AR experiments. For 
the peer feedback, the teachers were only able to evaluate the learning 
objective (TPK 2) on the basis of the short reports of their colleagues 
during the reflection session. The implementation sheets filled out 
directly after the use of the AR experiments in class, as well as the 
statements in the individual interviews, were not available to them. 
This could explain why in several cases the TPK 2 aspect was not 
evaluated by the peers at all. In addition, they were not able to examine 
the models in detail. Even though the AR experiments were 
demonstrated to them live, the 3D model was not analyzed in detail. 
Therefore, the TCK aspect in particular was more difficult for the 
teachers to evaluate, which also includes the interrelationships of the 
quantities modeled in GeoGebra. For an effective peer feedback on the 
TCK, the 3D model should be provided to all teachers for a deep 
examination of the tools used in GeoGebra.

Overall, the effectiveness of the CPD in terms of model and digital 
modeling competencies of the participating teachers is evident in the 
qualitative statements and the created AR experiments. Especially in 
the open answers, they increasingly considered models and the 
underlying idealizations as tools of scientific knowledge acquisition 

after the CPD, which presumably can also be attributed to the input 
lecture on this topic. The individual feedback by the teachers in the 
interviews and in the reflection session was also mostly positive, but 
a suggestion was made to adapt the CPD structure to the teachers’ 
school commitments in the future. A block event lasting several days 
could be  an alternative to the workshops spread over a half-
year period.

5. Conclusion and outlook

This paper presented a measurement tool in the form of an 
evaluation matrix that can be  used to measure teachers’ digital 
competencies needed for a purposeful use of AR experiments in 
STEM lessons. This measurement tool was used in the context of a 
CPD for teachers and tested for its reliability. During the CPD, 
teachers were trained to develop and use their own AR experiments. 
It was shown that the measurement instrument is suitable for assessing 
digital competencies in modeling with GeoGebra. It can also be used 
in different disciplines to visualize microscopic objects or mental 

FIGURE 5

Adapted AR experiment of a participating teacher on the law of levers, seen through the camera of a tablet.
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models, and it can be easily adapted to other AR applications with 
corresponding functions. The next research step in the project will 
be linking the teachers’ prior experiences with GeoGebra and their 
attitudes and willingness to use digital tools in their lessons to the 
results in the expert rating.

To link all phases of teacher training, the concept of AR 
experiments has been extended to the curriculum at Goethe 
University Frankfurt with the related project WARP-P (Wirkungsvolle 
AR im Praktikum Physik; translation: Effective AR in physics laboratory 
course). In this project, classical practical laboratory experiments 
were transformed into AR experiments in an electricity laboratory 
course for pre-service secondary school teachers. The implementation 
was accompanied by summative feedback and the students’ 
motivation and attitudes were evaluated. In the long term, the 
findings from the CPD and the laboratory course are used to establish 
AR experiments as an integral part of the teacher training curriculum. 
In order to ensure the reliability of the developed measurement 
instruments, especially the evaluation matrix for digital competencies, 
the CPD concept has been adapted to a seminar for pre-service 
teachers. In the seminar, they are likewise trained how to use 
GeoGebra to develop their own 3D models for AR experiments and 
how to apply them. The university’s student lab serves as the 
framework in this context, providing a venue for target-group-
friendly intervention studies. In this second setting, the evaluation 
matrix is applied again and improved by the findings of the expert 
rating in the CPD. The project team can directly observe how the 
students’ AR experiments are working in a practical context and 
additionally survey the students themselves, in order to assess the 
TPK 2 competency aspect. This is a major advantage compared to the 
only verbally reported implementation of the teachers’ 
AR experiments.

Another research desideratum is the actual use of AR experiments 
in STEM education on a broad scale. The implementation in other 
subjects besides physics is also an area that should be further evaluated 
in the future. With the help of the OER for physics developed in the 
project, as well as the self-study modules for working with GeoGebra, 
the concept of AR experiments can be distributed to other disciplines. 
Finally, the question arises if and how AR experiments are used in 
everyday teaching. Longitudinally, it should also be investigated to 
what extent they can ultimately improve science teaching.
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