
Empirical insights into the effects of research-based teaching strategies
in quantum education

Anna Donhauser*

Friedrich-Alexander-Universität Erlangen-Nürnberg, Martensstraße 5a, 91058 Erlangen, Germany

Philipp Bitzenbauer
Universität Leipzig, Institut für Didaktik der Physik, Vor dem Hospitaltore 1, 04103 Leipzig, Germany

Linda Qerimi
Chair of Physics Education, Faculty of Physics, Ludwig-Maximilians-Universität München (LMU Munich),

Geschwister-Scholl-Platz 1, 80539 Munich, Germany,
and Munich Quantum Valley (MQV), Max Planck Institute of Quantum Optics (MPQ), Germany

Stefan Heusler
Institute of Physics Education, University of Münster, 48149 Münster, Germany

Stefan Küchemann and Jochen Kuhn
Chair of Physics Education, Faculty of Physics, Ludwig-Maximilians-Universität München (LMU Munich),

Geschwister-Scholl-Platz 1, 80539 Munich, Germany

Malte S. Ubben
Technische Universität Braunschweig, Institut für Fachdidaktik der Naturwissenschaften,

Bienroder Weg 82, 38106 Braunschweig, Germany

(Received 29 June 2024; accepted 9 October 2024; published 4 December 2024)

[This paper is part of the Focused Collection in Investigating and Improving Quantum Education through
Research.] The present review intends to show the current state of teaching quantum-related content, to
analyze and compare its learning efficiency, and to give a systemized overview of quantum-educational
activities in the last years. We focus on teaching and learning elements, their innovative tools, and process-
oriented studies that are empirically validated. In terms of content, we mainly concentrate on aspects of
modern quantum technology. The final dataset for our analysis and synthesis included 50 studies published
since 2017 and until the follow-up survey in February 2024.We have found thatmost of the teaching strategies
described and investigated are in the field of quantummechanics and are designed to provide an introduction to
the rather broad and differentiated topic of quantum science. Studies specifically addressing mathematical
concepts can exclusively be found for the target group of university students. Visualizing ideas or innovative
social interventions to improve quantum learning is mainly found in schools while only a few approaches
for further education show validated results. Tools most often examined in the studies reported were
of digital nature, though some experiment-focused learning environments were also evaluated.
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I. INTRODUCTION

“The future is Quantum” [1]. This phrase encapsulates
the European Union’s vision for the Quantum Flagship
project, which is aimed at advancing quantum technologies

(QT) toward practical applications. These QTs, such as
quantum computing, quantum communication, or quantum
sensing, are poised to transform our technological land-
scape: “They hold the promise to affect dramatically our
life overturning everything, from drug development, to
cryptography, to data science and Artificial Intelligence”
[2] (p. 2). In particular, these technologies will have
profound societal implications, for example, in terms of
privacy and equality [3]. In order for the next generation to
be able to navigate these practical and societal implications
of QTs, it seems imperative to provide awareness and a
basic understanding of quantum physics (QP) concepts [4].
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Consequently, QP has been incorporated into secondary
school curricula in many countries [4–6] and a variety of
research-based teaching strategies have been developed
to facilitate student learning of quantum physics and its
applications (e.g., see Refs. [7–18]). In their 2017 literature
review, Krijtenburg-Lewerissa et al. [19] identified a total
of 74 articles concerned with the teaching and learning of
quantum physics at the secondary and lower undergraduate
levels published between 1997 and 2016. The articles
included in the synthesis revealed learning difficulties
frequently encountered by students, particularly in getting
a grasp of wave-particle duality [20–22], photons [23,24],
wave functions [25], spin [26], or atomic models [27,28].
According to previous research, these difficulties can often
be traced back to a naive mix of classical and quantum
thinking, with students having difficulty in (i) understand-
ing the nondeterministic nature of quantum mechanics [19]
and (ii) detaching from space-time notions when interpret-
ing quantum phenomena (e.g., see Refs. [29,30]), among
others. With regard to teaching strategies designed and
evaluated for their learning effectiveness, the review empha-
sized the necessity of further empirical research to optimize
these strategies for different educational levels. In particular,
the review emphasized the necessity of improved and more
comprehensive test instruments to evaluate students’ under-
standing and, in turn, improving learning environments on
quantum physics based on empirical evidence [31]. This
latter need is further supported by the results of a biblio-
metric analysis reported in Ref. [32]. Since the publication
of literature review by Krijtenburg-Lewerissa et al. in
2017 [19], quantum education has witnessed a significant
advancement on a global scale: In Europe, two initiatives
have been launched with the objective of promoting and
coordinating quantum education and training projects within
the European Quantum Flagship: QTEdu (Coordination
and Support Action for Quantum Technology Education,
2019–2022 [33]) and QUCATS (Coordination and Support
Action of the Quantum Flagship, 2022–2025 [34]).
Similarly, in the United States, the National Q-12 Education
Partnership has the objective of establishing a quantum
learning environment with the aim of equipping the “next
generation workforce with the tools to succeed in the
industries of the future” [35]. Concurrently, quantum
technologies have progressed from fundamental laboratory
research to the development of prototypes and real-world
applications [36]. These technologies now provide novel
contexts for the teaching and learning of QP, enabling
students to get a grasp of the far-reaching technological
impact of quantum physics and its applications (e.g., see
Refs. [37,38]). Hence, given the dynamic nature of the
fields, both QT research and quantum education research,
there is a need to update the current state of educational
research on teaching and learning quantum physics.
This is where this paper comes in: We report a systematic

literature review of QP education research published from

2017 to the present extending the review by Krijtenburg-
Lewerissa et al. [19] in a twofold sense:

1. In terms of content, we provide an updated overview
of empirically evaluated teaching strategies aimed at
schools, universities, and further education with
particular attention to recent developments in quan-
tum technology as outlined in the Competence
Framework for Quantum Technologies [39]. In this
context, we also explore which innovative tools
(e.g., augmented reality, virtual reality, applications,
games, .) have been found to be conducive to the
learning of quantum science.

2. Compared to the 2017 review, the present work
reports on a systematic literature review that strictly
follows the recognized PRISMA guidelines, which
are described below. Thus, our review reflects the
state of the literature on the basis of a methodo-
logically rigorous approach.

In the next section, we provide an overview of the research
questions, the search strings, and the paper selection
process, before the findings of this review are reported
in Sec. IV. In Sec. V, we contextualize the findings and
identify research gaps for potential future work.

II. RESEARCH QUESTIONS

In line with the 2017 review byKrijteburg-Lewerissa et al.
[19], we investigate teaching strategies designed and evalu-
ated to promote student learning of quantum topics. In this
context, we follow Ref. [40], in which a teaching strategy is
defined as a “plan, method or series of activities to achieve
[a] particular educational goal” (p. 332). In the literature,
teaching strategies are also designated as teaching concepts
[41], teaching-learning sequences [42], or educational paths
[43]. A major focus of our systematic literature review lays
in uncovering the efforts that have been made to integrate
quantum technology topics into educational settings and to
identify their effect on student learning. The conception and
realization of a teaching strategy are automatically formed
by the target group it is aimed at. Accordingly, this target
group of learners is included as a subaspect in the formu-
lation of the research questions. In the specification of this
target group of learners, we are aligned with the studies
themselves, which mostly describe a grouping in terms of
age, in schools of grades, or in university teaching strategies
for a particular study program. The methods used to play an
equally influential role in shaping a teaching strategy. Our
research questions focus on innovative technological tools.
Therefore, our first research question (RQ) is:

RQ 1: Which teaching strategies
(a) with which thematic foci
(b) aimed at which target groups of learners have

been designed and evaluated, and
(c) to what extent do they support learning quantum

science and technology concepts?
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Within the quantum physics teaching strategies devel-
oped and evaluated, a variety of different tools are used to
facilitate student learning. Therefore, our second research
question is

RQ 2: Which innovative tools have been found to be
conducive to learning quantum science?

In this context, the “term ‘innovation’ conjures up
images of new ideas, tools, and ways of doing things”
(see European School Education Platform [44]). Therefore,
we understand the term innovative tools to include but not
be limited to digital tools.

III. METHODOLOGY

For the conceptualization of this systematic review, we
followed the guidelines of the PRISMA framework
(Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) [45]. This framework ensures a standardized
approach to the development of systematic reviews and
provides the authors with guidelines that help them achieve
qualitative standards by successively following the prede-
fined sequence of steps. The selection procedure, documen-
tation, and criteria described there are presented below.

A. Eligibility criteria

Within the selection of our final dataset, we restricted our
search to peer-reviewed journal articles. Studies were
included for the review if they met the criteria we defined
based on the structuring of the research questions:

1. Investigation scope relates to quantum science
education research

2. Investigation scope relates to empirical research
2.a Conceptual work (development of learning

environments)
2.b Teaching strategies
2.c Innovative learning and teaching tools

3. Abstract and paper are available in English
4. Publications from 2017 onward
5. The reported paper has been peer reviewed

Articles on misconceptions, experiments, or individual
learning tools were only considered if they aimed at the
development of a teaching strategy and if this strategy was
also presented in the same article and analyzed with regard
to its effects. In principle, other reviews, papers that did not
focus on the topic of quantum science or merely conceptual
and nonevidence-based articles were excluded. Historical
key experiments, methodological aspects, and preparatory
fundamentals of classical physics were also not considered.
Articles to which none of the participating authors or their
universities had access to the full-text version were also not
included in the review.

B. Information sources and search

The databases ERIC, SCOPUS, Web of Science, and
PsychINFO were utilized for our review. In order to be able

to include the most recent papers, there was a final follow-
up survey in February 2024. For the databases ERIC and
PsychInfo, the search results were automatically limited to
peer-reviewed literature. As SCOPUS does not provide
this opportunity, all studies without peer review were
excluded later on during data extraction. As PsycInfo
provides the filter “methodology: empirical study” and
“population group: human,” these were used for prescreen-
ing. Restrictions on the publication period (from 2017) and
language have been placed on the database search.
The search string was constructed based on the PICO

(Population Intervention Comparison Outcome) frame-
work. Within a search component (e.g., “Population”),
the terms were connected by the Boolean operator “OR”,
whereas search components were linked with the Boolean
operator “AND”. Table I illustrates the structure of our
search string: for the search query of the terms within a cell
are connected with OR and the different rows with AND.
As the search component “comparison” is traditionally
used in the medical field to describe the, e.g., control group
for a medication, there is no comparison row in our search
query table.
This resulting search strings for the different databases,

as well as the database specific, applied filters can be found
in the Appendix.

C. Study selection

The exported records have been saved, managed, and
duplicated in Rayyan—a free web tool designed for
researchers working on systematic reviews and other
knowledge synthesis projects which helps streamline the
screening and selection process and make it more trans-
parent for all collaborators. After the first database search,
n ¼ 4876 were uploaded into Rayyan. After applying the
Rayyan “possible duplicates” algorithm, removing sug-
gested duplicates by hand and carrying out a title-abstract-
screening, n ¼ 291 records remained. With the follow-up
survey in February 2024, n ¼ 116 were added to the full-
text screening. To ensure that the most important papers
were not skipped at any stage, AS Review was additionally
implemented. AS Review is a basic and applied research
project investigating the application of AI in the field
of systematic reviews, validated by the scientific commu-
nity [46]. This tool gave a ranking list of 100 articles out of

TABLE I. Search string constructed by PI(C)O framework.

Category Terms

Population teach, learner, student, pupil, participant, expert,
novice, people, graduate, adult, no machine
teacher

Intervention lesson, course, test, concept, assessment,
evaluation, empirical, validation, instruction

Outcome learning
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the uploaded records, resulting from respective training
performed with AS Review by indicating articles for
exclusion and inclusion. The AS Review training was done
by three reviewers.
In view of the wide range of topics, we considered

articles that actually focused on a teaching strategy. This
meant that studies on assessment tools or the mere analyses
of misconceptions were no longer included. This reduced
the number of articles for the full-text screening to
n ¼ 119. The whole selecting process is illustrated in
Fig. 1. During the full-text screening, some studies were
excluded since the full text did not show the evaluations
announced in the abstract or they turned out as a side
artifact of something else. In the end, 50 studies were
included in the final dataset.
In addition to the eligibility criteria, the subsequent

manual full-text screening was based on a protocol that
analyzed the articles according to the research questions.
This coding of the articles on the variables of interest for
the research questions was done by four reviewers. The
thematic areas were based on the research questions and
thus deductively created, though the coding scheme was
produced by inductive coding. The whole articles were
screened to pinpoint and extract the information relevant to
the thematic areas and categories were applied throughout
the full texts of the paper to ensure the coding not missing
out on crucial information. Categories were created by the
four reviewers who analyzed roughly equal parts of the

samples. Afterward, codes were compared and discussed
until an agreement was reached in the sense of consensual
validation [47]. If an author or authorship published
several papers on the same content, the paper with the
highest information load and the most recent results was
chosen for the review.

D. Data collection process

Data extraction using the protocols was done manually.
In case of doubts regarding the exclusion during the full-
text screening, controversial articles were discussed by a
panel of four experts. An interrater rating was already
carried out in the context of using AS Review, the results of
which are provided in the Appendix. In this process, it is
verified and illustrated whether the different raters evaluate
the papers in a similar way and sort them out accordingly.
The protocols extract and structure information on the

sample, study design, content focus, innovative tools used,
measured variables and, in particular, the type of teaching.
In order to compare and categorize the individual studies in
the sense of a systematic review, the teaching strategies
described in the articles were categorized according to the
competence they aimed to achieve. The competence frame-
work [48] was used as a categorization guide and logical
structuring tool.

IV. RESULTS

A. Descriptive overview

In total, 21 different countries published studies on
teaching strategies in quantum science within our dataset
since 2017. As Fig. 2 illustrates, most of the studies
included in our synthesis came from the United States,
followed by Italy, Germany, and the Netherlands.
United Kingdom, Norway, and Indonesia each provided
two publications. Sweden, Slovenia, Finland, Chile,
Switzerland, Spain, Uganda, and Rwanda, Russia,
Turkey, Japan, Ukraine, Australia, and Denmark each
published one study. In our final dataset, all studies from
Germany [12,49–52] and the Netherlands [53–56] are
aimed at schools, while all the studies from the United
States [57–71] are targeted at university students. As the
country with the second most publications in our dataset,
Italy‘s approaches are aimed at both universities [72,73]
and schools [74–76]. Looking at the dataset in relation to
the type of study, Fig. 3 shows that most studies were
conducted quantitatively, followed by mixed methods, and
the rest qualitatively. There were no significant findings or
correlations between the target group of teaching strategies
and the chosen type of study. Among the quantitative
studies, there is only a slight majority of teaching strategies
for universities. The term “school” is differentiated by
the tables and their column “educational level (grade).” As
the meaning of school designations varies widely across the
international context with regard to the integrated grades,FIG. 1. Flowchart: Selecting process for the systematic review.
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the respective target groups of the individual teaching
initiatives have been defined as precisely as possible in
the tables.

B. Results regarding RQ1

In line with RQ1, the individual studies were analyzed
for the teaching strategies described (RQ1a), for which
learner group (RQ1b) they were designed, and how they
attempted to achieve the intended learning outcome
(RQ1c). Tables II–XIV show the most important key facts
regarding RQ1(a)–(c) for each study of the final dataset.
The columns of the table each cover a subsection (a) to (c)
of RQ1. The studies were also analyzed with regard to the
thematic focus of the respective teaching strategy and
subsequently categorized and sorted. Given the great
diversity, not too many structural overlaps emerged,
whereas the individual studies within a thematic focus
could be clustered according to their thematic content.
A more detailed categorization is based on the competence
framework [48]. In Tables II–XIV, the studies are

additionally classified within the following areas, with
the corresponding assigned number referring to the
latest available version of the competence framework from
April 2024:

1: Quantum backround: Concepts and foundations
1.1: Basic quantum concepts: Entanglement, Bell

inequalities, nonlocality, quantum measure-
ment, probabilistic nature of quantum physics,
superposition, interference, two-state systems,
stationary states, energy quantisation, wells,
measurement dynamics, qubits/state represen-
tation, visualization

1.2: Mathematical formalism and information
theory: Linear algebra, functional analysis,
state space, Dirac notation

2: Quantum background: Physical foundations of
quantum technologies
2.1: Atomic physics
2.2: Quantum optics and electrodynamics: Quantum

optical experiments, interferometry, micros-
copy, and spectroscopy

5: Quantum computing and simulation
5.1: Basics

7: Quantum communication and networks
7.1: Conventional and postquantum cryptography,

combined cryptography approaches, classical
and quantum and nonlinear optics, polariza-
tion degrees of freedom

7.2: Secure keys, e.g., for quantum key distribution
Listed here are only those domains and subdomains that
were also covered by the studies of our final dataset. In the
following, the studies are therefore categorized according
to the respective thematic focus of the teaching strategies.
As an example, a study presenting a teaching strategy to
improve the use of Dirac notation serves the thematic area
1.2 of the competence framework and is also categorized
as “mathematical focus” if corresponding learner variables
are analyzed. Figure 4 shows the overall distribution of the
dataset across the various areas of quantum science. In
addition to the focus categorization, the diagram illustrates
which studies are aimed at target group of learners at
school, universities, or others.

1. Quantum mechanics

Quantum mechanics records a total of ten studies
([57,58,60,72–75,77–79]). With only three exceptions
[74,75,78], all of these approaches are dedicated to the
target group of university students. Two exceptions
addressed to schools originate from Italy and one from
Slovenia and differ fundamentally in their idea and con-
ception. Faletič [78] describes an introductory course
including a double-well simulation and thereby studied
the conceptual and experimenting students’ skills. In this
case, the experimental competence of students describes
the ability to develop models and hypotheses and to test

FIG. 3. Methods of the studies and the respective target groups
(RQ1b).

FIG. 2. Countries of publication with the highest number of
studies in our dataset.
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them in experimental settings. di Uccio [75] used the levels
of a construct map for designing a teaching-learning
sequence with multiple-choice questionnaire and noted a
development of students’ abilities according to the structure
of this construct map. Montagnani‘s [74] experimental
program for high-school students includes real and simu-
lated experiments and a quantum game. In addition to the
improvement in cognitive skills, the study identified
problems with highly mathematized representations.
Two further articles on the field of quantum mechanics
originate from Italy—both by Testa. The study published in
2020 [72] analyzes the effect of an innovative guided
inquiry teaching-learning sequence. Compared to the con-
trol group, which was taught via textbooks, Testa recorded
significantly higher accuracy and better confidence cali-
bration with the experimental group. In contrast, the study
from 2018 [73] compares three types of instruction regard-
ing quantum mechanical learning progression. The com-
parison of different teaching methods and the respective
effects on learners was also the focus of the article by
Danielsson et al. [77]. This case study from Sweden
investigated innovation attributes and metacognitive skills
and found a correlation between the acceptance of a
teaching method and the subjective rating of this method
with regard to the future profession. Three approaches from
the field of quantum mechanics are based on innovative
tools [57,58,61]. Sayer et al. [57] and Marshman et al. [61]
present a Quantum interactive learning tool (QuILT).
Sayer‘s QuILT is combined with an interactive simulation
and focuses on the double-slit experiment, whereas
Marshman‘s QuILT intends to support as a self-paced
learning tool a correct perception of expectations values.
Both studies showed the improvement of conceptual skills.
Kohnle and Passante [58] investigated the spontaneous use

of representations within the combination of simulation
and tutorial focusing on first-order energy corrections. Two
studies [60,79] are based on innovative social interactions
or activational techniques. Thus, Porter and Heckler [60]
report on the use of guided group work and record
significantly better conceptual and calculational perfor-
mances. Palmgren et al. [79] introduce the concept of
“prime-time learning” based on weekly students-instructor
meetings, small group discussions, and assessment activ-
ities. Here, self-efficacy was additionally studied and an
improvement was identified through the “prime-time”
approach.

2. Quantum optics

A total of seven papers in our final dataset can be
assigned to the field of quantum optics. The majority of
studies [41,51,52,64,65], which focus on quantum optics,
could also have been listed under the category “exper-
imental focus.” At the same time, these quantum optical
approaches never involve just one experiment but rather the
introduction to quantum physics using the manipulation of
single photons in several experiments. Since 2017 educa-
tional research on quantum optical approaches and teaching
ideas has been conducted and published either in Germany
[41,50–52] or the United States [62,64,65]. The German
contributions to teaching quantum optics content were
conceptualized for use in schools and provided a quantum
optics introduction to the broad field of quantum science.
Quantum optics therefore serves as a starting point for the
development of further concepts. The corresponding stud-
ies investigated how teachers evaluated the materials
provided and how students processed a quantum physics
curriculum based on (the model of) the photon and its
manipulation in experiments. In contrast, the approaches
from the United States in our dataset are aimed exclusively
at university students. Consequently, they concentrate on
quantum optics experiments in labs [64,65] or on inter-
active learning tutorials on the interference of single
photons in the Mach-Zehnder interferometer. Here, the
thematic field of quantum optics is not overstepped, with
the studies focusing on the interventions’ influence on
conceptual skills [62,65] and motivational components or
the valuation of technological importance [64].

3. Experimental focus

This section contains teaching approaches that are either
based on a more specific thematic area of an experiment or
develop further learning content starting from experiments.
Four papers in our dataset belong to this category. Aehle
et al. [12] follow the idea of using analogy experiments as a
starting point for teaching quantum physics in schools.
Also, Carreńo et al. [80] focuses on students in schools
as a target group for his teaching approach to quantum
technologies with a demonstration of the Bell test. In
addition to positive effects on the interest of the students,

FIG. 4. Categorization of the dataset with regard to specific
areas of focus (RQ1a).
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both studies [12,80] registered an improvement in con-
ceptual skills. Maries’ [66] approach, instead, is aimed at
university students and follows the idea of experimental
transfer learning from the Mach-Zehnder interferometer to
the double-slit experiment. Here the study found positive
transfer learning despite the lack of indication between the
correspondences of the two experiments. The approach of
Waitzmann et al. [49] is designed for use in schools but was
evaluated with university students due to the pandemic
situation. It focuses on the development of conceptual skills
and students’ reasoning during a learning unit with a
quantum key experiment. Conclusions are drawn on the
basis of concrete experimental components: The beam-
splitter seemed to foster classical reasoning while the idea
of superposition was not understood.

4. Quantum computing

Four papers [67,76,81,82] of our dataset could be related
to the field of quantum computing. No tendency can be
identified among these studies with respect to the target
learner group. They are aimed at schools [67,76], univer-
sities [81], and further education [82]. The structures of the
individual teaching approaches are also fundamentally
different. The learning units for schools strive to integrate
activating tools [76] or techniques that adapt to different
levels of complexity [67] in order to maximize learning
results and students’ interest. Bungum and Selstø [81] start
the approach for information technology students one step
earlier and identify key topics for a quantum computing
course. The conceptual problems evaluated in this context
largely matched the known outcomes from physics edu-
cation research. Combarro‘s [82] investigations on CERN‘s
lecture series set out to prepare the field of quantum
computing for a wide range of backrounds and with
minimum prerequisites. The majority of these different
backrounds turned out to be computer scientists, with
the study finding a significantly increased conceptual
knowledge. Among this group of papers on teaching
approaches in the field of quantum computing, the years
of publication are striking: they were all published in either
2022 [67,76,81] or 2021 [82].

5. Mathematical focus

All of the ten educational research studies with a
mathematical focus in our dataset originated from the
United States [59,61,62,68–71,83,84] or in cooperation
with the United States [85]. In addition, all of these
teaching approaches are aimed at university students.
The target group of learners is not surprising when
considering the complexity of the problems being
addressed. Thus, the studies are focusing on very specific
mathematical concepts such as inner products and quantum
probabilities. Wan et al. [69] therefore present design
guidelines for learning units to facilitate the use of Dirac
notation, which have proven their effectiveness in a

qualitative analysis. Also, Marshman‘s QuILT [63], dedi-
cated to providing support in the handling of probability
distributions of measurement outcomes, improved the
students’ performance with Dirac notation. Emigh et al.
[70] developed three tutorials, including lectures, group
activities, and worksheets focusing on the topic of wave
function and their time evolution. The corresponding
evaluation of these tutorials showed significantly improved
performances among the students compared to traditional
instructions, with small-to-medium effect sizes. Ahmed‘s
visualization tool [85] “Quantum Composer” supports
students’ cognitive skills, whereas additional support is
required for reasoning. Karakok‘s approach [68], in con-
trast, also showed the role and influence of prior learning
experiences on the process of students’ reasoning. Like
in [66], Karakok also uses the transfer learning idea, in this
case using well-known strategies from linear algebra for
handling eigenvalues and eigenvectors. The instructional
tutorial by Schermerhorn et al. [71] centers on the change
of basis in quantum mechanics through the analogy
between a Cartesian coordinate system and quantum states.
The study recorded an effective support of the students in
making sense of carrying out a change of basis. Hu et al.
[59,83,84] implemented multiple-choice question sequen-
ces for learning assessment and recorded the reduction of
students’ prevalent difficulties regardless of the teacher-
chosen course structure. Those multiple-choice questions
sequences as a mathematical learning aid are presented for
the topics of the change of basis [59], measurement
uncertainty [84], the time-development of two-state quan-
tum systems [83].

6. Wide range of quantum science topics

Eight studies [53,86–92] presented courses or teaching
units covering a wide range of different topics in quantum
physics. Therefore, they could not be assigned to a specific
subtopic. In most cases, the teaching units described are
modules that are offered as thematically broad courses
at universities. The only exception in our dataset was
Bouchée [53], who compares student-centred and teacher-
driven quantum physics teaching approaches in schools.
The study emphasizes the central role of teachers in the
understanding process and mentions the positive effect
of the digital materials provided on students’ conceptual
understanding. Like Bouchée, most of the studies
[86,87,89,91,92] in this thematic category focus on digital
quantum physics learning content and its effects. The
individual educational research approaches differ only in
the structure of these digital learning environments and
with regard to the variables analyzed. The e-learning
system described by Yusuf [89], includes videos, anima-
tions, and virtual experiment simulations, provided an
improvement in students higher order thinking skills
capabilities. Korsun‘s study [92], for its part, uses a
Moodle environment and found an increase in the level
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of students’ cognitive activity in this context. Denisova
et al. [87] combine a Moodle environment in the sense
of blended learning with in-person learning and also show
the increase of cognitive activity levels. In the web-based
learning approach “ReleQuant” [91], language plays a
central role in the learning process. The study of students’
experiences showed that the handling and perception of an
innovative teaching strategy strongly depend on the type of
teaching strategy one was socialized with. Socialization
regarding multimedia and its use in the context of quantum
physics teaching was investigated across Rwanda and
Uganda by Nyirahabimana et al. [86]. Although an
improvement in learning was also observed here, a lack
of experience in dealing with multimedia tools among
lecturers was nevertheless noted. This led to a reduced
implementation of multimedia, especially in the field of
quantum physics. The two studies by Abdurrahman et al.
[90] and Dökme and Ünlu [88] also consider metacognitive
skills in addition to conceptual understanding. Dökme
noted positive influence of self-metacognitive questioning
on the affective component of students’ attitudes toward a
quantum physics course. Abdurrahman uses differentiated
feedback constantly given during a quantum physics course
and thus recorded significant better learning outcomes.

7. Specials

All the studies described below are aimed at learners
in schools. Those approaches [54–56,93–96] did not fit
into the thematic structure of the previously grouped
categories and took on a special position with their
innovative strategy or thematic content. These exceptions
include Stadermann‘s [54] buffet-style teaching resources,
made available to high school teachers. The thematic focus
of this approach is on linking the nature of science ideas
with quantum physics and the investigation of reasoning
about teaching this nature of science (NOS) idea.
Krijtenburg-Lewerissa et al. [55] use a teaching module
on classical energy diagrams as a sort of preparatory course
for the introduction to quantum mechanics. The reported
correlation between the understanding of potential energy
diagrams and quantum mechanics attributes a bridging
function to potential energy. The role of quantum science in
society is the focus of the study by Moraga-Calderon et al.
[56]. Here, the relevance and interest attributed to quantum
mechanics by secondary school students during their visit
of the “Quantum Rules!”-lab are investigated. The key
statement “important, but not for me” [56] (p. 32) describes
the observed tendency that social relevance of quantum
physics is recognized but does not include an awareness of
the need to learn it. Similarly, Bondani et al. [95] analyze
the views about quantum technologies within an extracur-
ricular course including interactive lectures on quantum
technologies applications and reported an improvement in
conceptual skills. Choudhary et al. [94] describe the special
relationship between gravitational waves and quantum

physics within an one-day learning unit and found next
to a need for long interventions, which neither prior
knowledge nor age had a significant influence on the
measured conceptual skills. Malgieri et al. [93] use
Feynman‘s sum over path approach as a starting for
introducing quantum physics to high-school students and
reports a supporting effect for students’ creation of con-
sistent and integrated mental models. For the evaluation of
the analogy between musical instruments and quantum
physics [96], Andreotti merely had a small sample but
recognized the tendency toward a more quantum interpre-
tation of the term “wave” and the appreciation of the
preservice teachers for the inspiration on the use of various
teaching tools.

C. Results regarding RQ2

Regarding the tools used in the teaching units, several
broader categories have been found. First, with 20 studies
the majority have been found to report on the use of digital
tools such as Phet simulations, digital learning platforms, or
videos. Second, there have been six studies that examined
the effects of real-world tools such as experiments or
flashcards or structured worksheets. Finally, four studies
have been reporting on using social tools in learning
environments, namely self-questioning and guided group
work. Additionally to these studies, four have been found
reporting on a mix of real, digital, and social tools.

1. Digital tools

For the digital tools (refer Table XV), several significant
effects have been reported: Digital experiments in
secondary classrooms have been shown to produce less
classical influences in conceptions (d ¼ 0.27 properties
and behavior of quantum objects, probability interpretation
d ¼ 0.38, [51]). Also, on the entry university level, an
E-Learning system about the basics of quantum mechanics
did show a high N-gain (g ¼ 0.7, [89]). Likewise, a
Michelson-interferometer simulation significantly reduced
learning difficulties [61], and videos on basic quantum
principles statistically improved self-efficacy [79]. Also,
the use of energy diagrams fosters better understanding
of basic quantum mechanics [55]. A plethora of qualitative
conclusions have also been drawn from digital tools
implemented in secondary education: While content wise,
most studies did focus on more basic quantum physics,
some more advanced topics have also been examined
(e.g., tunneling [55] or quantum computing [67]).
Though some implementations did have only marginal
effects (the symbolic math tool “geogebra” use of
Ref. [93]), positive effects were reported: more differ-
entiated knowledge of quantum computing in tandem with
digital worksheets [67]. A variety of digital tools used
for teaching quantum physics basics (simulations, Phet,
Composer) was shown to improve understanding, interest,
and engagement [95]. At the university level, the digital
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tool Composer was shown to support student reasoning and
visualization of imaginary wave function components [85].
Also, an interactive simulation on energy corrections
caused a higher use of representations in the students it
was used by [58]. In general, multimedia usage has been
shown to be different among countries and that mathemat-
ics used in conditions with them is not a consistent
prerequisite for understanding quantum physics [86].
The digital environment Moodle has been shown to
improve cognitive activity both alone [92] and imple-
mented together with students’ creation of explanatory
gifs [87], both in the topic of blackbody radiation and
general quantum basics, respectively. Furthermore, famili-
arity with quantum basics was shown to be improved with
computer exercises [81] and learning about “which path
information” with virtual experiments [66]. On the uni-
versity level, interactive simulations have been shown to
improve nonclassical understanding [57] and thus are
roughly in line with the previously presented results for
high schools. Finally, the usage of a mix of multimedia
in university was reported to make quantum physics easier
and the included visualization makes it more interesting
[86]. An open lecture format on quantum computing for the
broader public via digital broadcast did further increase the
knowledge according to the participants’ perception [82].
For the real tools, studies did not report on quantitative

effects but qualitative results from the implementation of
the studies. Of the three studies implemented on the
secondary school level, [12] reported of a 3D-printed
artifact that was accepted by students, [96] reported on
facilitating progress toward a quantum physical view
and [72] indicated that compared to textbooks, a guided
inquiry approach facilitates less overconfidence in quantum
physics. On the university level, real experiments have
been shown to improve readiness for quantum interpreta-
tions [49] and to enable knowledge transfer from one
experiment to another without explicit instruction on the
matter [66]. Additionally, using flashcards was reported to
facilitate better learning outcomes compared to a control
group [90] and structured worksheets in the context of an
additional tutorial for students help them succeed in
exams [70].

V. DISCUSSION

With regard to the target group of learners, it is obvious
that learners in further education are clearly underrepre-
sented in the studies analyzed in comparison to those
attending school or university. Further education addresses
learners already working in fixed jobs, whose field of work
is differentiating and facing new requirements not prepared
for at university. Although the initial database search
revealed some ideas on approaches for teaching quantum
science to working professionals, these were excluded from
the dataset due to a lack of evaluation. With 27 out of
50 studies, the large majority are focused on university

students. Thematically, quantum mechanics in particular is
represented here, alongside broader courses that cover
several quantum science topics. Teaching strategies with
a mathematical focus were presented exclusively for uni-
versity use. About 19 studies describe teaching approaches
for use in schools. These are mainly studies from the field
of quantum optics or with another experimental focus.
A large number of studies concentrates on social or special
metacognitive tools in the context of quantum science
education.
Regardless of the respective target group, the majority of

efforts within our final dataset can be found in the field of
quantum mechanics. In most cases, introductory courses
were presented and enriched with simulations or innovative
guided inquiry teaching-learning sequences. Alternatively,
simulations and tutorials based on text-based teaching were
combined and their effects were investigated. One excep-
tion, which focuses on the effect of social forms in the field
of quantum mechanics, is described by Porter et al. [60]. In
most cases, the studies concentrating on social forms and
their impact in the context of quantum physics are aimed at
schools and explore very specific subareas, which were
presented under “Specials.” As shown in Fig. 5, most of
the studies examined the development of conceptual skills
within the respective teaching approach, regardless of
whether the studies aimed at schools, universities, or further
education. Since all approaches with a mathematical focus
were aimed at university learners, it is not surprising that
the measurement of mathematical skills was carried out
exclusively among studies with a university target group.
In the sense of a distinction between the first and second

quantum revolution, different aims, approaches, and
explanatory paths can be identified in the studies analyzed.
While for the first quantum revolution, “wave functions in
potential wells” are an important topic for teaching, in
second quantum revolution, “qubits” are in focus. The wave-
function approach finds its scope, e.g., in the field of

FIG. 5. Most frequently measured variables and the assignment
to the respective target group.
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tunneling or energy spectra, whereas quantum computer
concepts like “programming” only come in the language of
qubits. In our final database, 47% of the teaching strategies
[53–58,60,65,70,72,73,75,77–79,83,86–90,92,96] operated
in the sense of the first quantum revolution. The remaining
database [12,41,49–52,61–64,66–69,71,74,76,80–82,84,91,
93–95] is based on or prepares with a specific methodology
of the qubit idea.
The classification with regard to the competence frame-

work clearly shows that, with a total number of 40 studies,
the vast majority can be assigned to the subdomain “1.1:
Basic quantum concepts”. Since many of the papers
analyzed present interventions within introductory courses,
it is not surprising that the basics are taught first before
moving on to more complex content. The second most
frequently thematized subdomain “1.2: Mathematical for-
malism and information theory”, with eight studies,
belongs to the basics of quantum background as well.
Several studies on quantum optics help the field of “2.2:
Quantum optics and electrodynamics” to third position in
the ranking of the most addressed subdomains of the
competence framework. And finally, four studies relating
to quantum computing belong to the subdomain “Quantum
computing and simulation: basics”. Four broad domains,
each with a wide thematic spectrum of subdomains, were
not addressed by any of the studies within our final dataset.
These include the domain “3: Enabling technologies and
techniques,” which describes aspects such as laboratory
techniques or optical and control technologies. The the-
matic areas around “4: Quantum hardware” and “6:
Quantum sensors and imaging systems" are also not
addressed in any study. Since only one study in our final
set is aimed at further education anyhow, it is not surprising
that the very specialized domain “Valorisation" with
subdomains such as “8.2: Business strategy, entrepreneur-
ship, and management" or “8.4: Responsibility" were not
served either.
Though a large number of different tools, real, digital,

and social, have been devised and implemented in univer-
sities and in secondary classrooms, quantitative statements
about the exact effects these tools had were rarely reported.
Most of the tools had shown positive effects in various
educational quantum physics environments, ranging from
being accepted to facilitating knowledge or attitudes, but in
the end, comparing them is inconclusive based on the little
quantitative data.

VI. CONCLUSION

Looking at the structure of teaching strategies, it is
noticeable that approaches based on innovative social
structures of activation strategies are exclusively aimed
at schools. This automatically raises the question of why
social structures and their effects on learning are not taken
into account in university courses or further education
in the context of quantum science. When the learning of

complex content works for school students within innova-
tive social learning environments, this can also have
positive effects on university students or professionals.
It could therefore be interesting for educational research to
replicate the social innovations of these studies and test
them in the context of university courses or further
education.
Conversely, studies with a focus on highly mathematical

content were dedicated only to university students. As soon
as quantum physics is taught in schools, the focus is on
demathematizing rather than tackling mathematical prob-
lems. Quantum physics teaching strategies for schools
concentrate on visualizing, reducing, and illustrating.
This leaves the impression that teaching strategies for
schools want to bypass quantum mathematics instead of
optimizing mathematics educationally in the context of
quantum science or developing adequate, target group-
adapted approaches. There are thus open topics and
potential for educational quantum physics research to
support students in mathematical processes through sys-
tematic teaching strategies for schools. In this respect, it
would be desirable to observe how school students deal
with the corresponding mathematical formalism and
develop appropriate learning strategies. Avoiding math-
ematics solves problems for the moment but provides no
sustainable basis for solving similar structures. The devel-
opment of these mathematical learning strategies can also
be derived from corresponding studies with the target group
of university students. Recently, initial approaches [15]
have been developed to address this issue.
Evaluated teaching strategies for the further education of

professionals are clearly underrepresented. In this young
field of research, the skills needed by the quantum work-
force are currently being defined and renewed [39], but the
learning effects of specific teaching interventions have not
yet been widely published. In the ideal scenario, schools
and universities prepare for this thematically with their
respective teaching strategies. Several tools have already
been implemented in digital, real, and social settings and all
appeared to at least facilitate positive outcomes of teaching,
though most studies did not report the effect sizes, which
could be a task for further research in this direction. While
the development and implementation of an actualized
school curriculum is certainly slow, universities could react
more spontaneously to the skills actually required by this
quantum workforce with their lectures. This has not yet
occurred in an evaluated manner for four thematically
broad domains of the competence framework.

APPENDIX A: SEARCH QUERY

Search string for ERIC and web of science:
(teach* OR learner OR student OR pupil OR participant

OR expert OR novice OR people OR graduate OR adult)
AND (lesson OR course OR assignment OR “problem
solving” OR learning OR test OR concept OR idea OR
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analysis OR qualitative OR quantitative OR assessment
OR evaluation OR empirical OR validation OR instruction)
AND quantum -“machine teacher” pubyearmin:2000
pubyearmax:2022
Additional filter “Web of Science”: Time interval; Peer-

reviewed only.
Additional filter “ERIC”: Peer-reviewed only.
Search string for Psychinfo:
PY 2000-2022 AND TI-AB-KW (teach* OR learner OR

student OR pupil OR participant OR expert OR novice OR
people OR graduate OR adult) AND (lesson OR course
OR assignment OR “problem solving”OR learning OR test
OR concept OR idea OR analysis OR qualitative OR
quantitative OR assessment OR evaluation OR empirical
OR validation OR instruction) AND quantum NOT
“machine teacher”
Additional filter “PsycInfo”: Peer-reviewed only.
Search string for SCOPUS:
((((PUBYEAR>1999 AND PUBYEAR < 2023) AND

TITLE-ABS-KEY(teach* OR learner OR student OR pupil
OR participant OR expert OR novice OR people OR
graduate OR adult) AND TITLE-ABS-KEY(lesson OR
course OR assignment OR “problem solving” OR learning
OR test OR concept OR idea OR analysis OR qualitative
OR quantitative OR assessment OR evaluation OR empiri-
cal OR validation OR instruction) AND TITLE-ABS-KEY
(quantum) AND NOT “machine teacher”))) AND (LIMIT-
TO(DOCTYPE,“ar”) OR LIMIT-TO(DOCTYPE,“cp”))

AND(EXCLUDE(SUBJAREA, “MEDI”) OR EXCLUDE
(SUBJAREA,“COMP”) OR EXCLUDE(SUBJAREA,
“ENGI”) OR EXCLUDE (SUBJAREA,“BIOC”) OR
EXCLUDE (SUBJAREA,“MATH”) OR EXCLUDE
(SUBJAREA,“MATE”) OR EXCLUDE(SUBJAREA,
“PHAR”))

APPENDIX B: INTERRATER RELIABILITY

Figure 6 shows the results of an interrater rating carried
out in the context of using AS Review for the verification of
evaluating the papers in a similar way.

FIG. 6. Interrater reliability of three different raters.
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APPENDIX D: TABLES RQ2

1. Real tools

As for the real tools used (see Table XVI), experimental
setups were the most used tools. In secondary schools,
using an experiment in the context of deBroglie was found
to progress the student’s view toward a quantum physical
view [96]. In the university context, experiments have been
shown to facilitate improved readiness for quantum inter-
pretations [49] and positive learning and transfer abilities
[66]. Using structured worksheets in university tutorials on
the time evolution of wave functions proved helpful for
exam success [70] and flashcards facilitated better learning
outcomes when compared to a control group [90]. Another
artifact tested in secondary schools was 3D-printed black
box models that were accepted by the students [12] and
guided inquiry approaches that led to less overconfidence
when compared to textbooks [72].

2. Social tools

Furthermore, self-questioning as a social tool used in
quantum physics courses on the university level (see
Table XVII) tackling basic topics has been shown to foster
positive attitudes [88] and guided-group work to improve

long-term performance [60]. The implementation of indus-
try partners in quantum courses was also found to be
perceived as helpful [63].

3. Mixed tools

As for methods that use a variety of real, digital, or social
tools (see Table XVIII) in quantum physics education,
positive effects have been reported both on the secondary
school level. A mix of experiments, explanatory videos,
and analogies was shown to enable learning of central
concepts in quantum optics [41]. A combination of the
digital tool H5P and social teaching strategies was seen as
helpful for the visualization of quantum phenomena [91].
Mixed-methods approaches and use of different tools have
also been indicated to enable an improved perception of
relevance for quantum physics [56], and a combination of
gamified real and digital experimental setups has made the
teaching of vector representations more effective than
algebraic representations [74]. A mix of role-play and
digital media regarding analogies in quantum mechanics
has been shown to have the same positive effects in both a
lesson sequence taught across a long period and a con-
densed, short period [94].

TABLE XVII. Results regarding research question 2: Social strategies used.

Social strategies
used

Learning
environment Thematic focus Resulting learning support Ref.

Self-questioning University level Wide range of quantum
science topics

Fosters positive attitudes [88]

Guided group
work

University level
(graduate)

Quantum mechanics Performance on a related post-test item increased by
6.4%, administered 2–10 weeks after the session.

[60]

TABLE XVI. Results regarding research question 2: Real-world tools used.

Real-world
tool(s) used Learning environment Thematic focus Resulting learning support Ref.

Flashcards University level Wide range of quantum science
topics

Learning outcomes improved in experimental
group

[90]

Guided inquiry,
textbooks

Secondary school level Quantum mechanics Textbooks lead to overconfidence, guided
inquiry to less

[72]

Experiments University (first
semester)

Experiments True experiment was used to facilitate improved
readiness for quantum interpretations

[49]

Experiment Secondary school Special approaches
Quantization, superposition
and wave modes

Progress toward quantum physical view [96]

Structured
worksheets

University level Mathematics Wave function
and their time evolution

Tutorials help with exams [70]

Experiments University level (grad
and undergrad)

Experiments MZI and double
slit

Transfer from MZI to DSE occurred despite no
explicit instruction, MZI tutorial provided
positive learning

[66]
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APPENDIX E: PAPER PROTOCOL

The form shown in Fig. 7 was used by the authors to extract the information relevant in terms of the RQs. According to
the mainly addressed question, listed up and formulated in the gray box, the authors noted rough paraphrases and key points
that summarize the full texts.

TABLE XVIII. Results regarding research question 2: Mixed tools used.

Tools used
Learning

environment Thematic focus Resulting learning support Ref.

Social, digital (H5P) Secondary school
level

Wide range of quantum science
topics

Visualizations seen as
helpful

[91]

Real, digital (mixed methods,
experiments, interactive
simulations, lectures, etc.)

Secondary level
(not in school)

Special approaches Importance of
quantum science for society

Improved relevance
perception

of quantum physics

[56]

Digital (experiments), real
(experiments), other
(gamification)

Secondary school
(high school)

Quantum mechanics Polarization More vector representations
managed to be taught

than algebraic

[74]

Digital (videos and images), social
(role-play) and one-day block
lesson

Secondary school
(year 9)

Special approaches Basic concepts
of quantum physics and
gravitational waves

No difference between 20
lessons

[94]

FIG. 7. Paper protocol page 1.
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