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Because of its abstract nature, Albert Einstein’s theory of general relativity is rarely present in school
physics curricula. Although the educational community has started to investigate ways of bringing general
relativity to classrooms, field-tested educational material is rare. Employing the model of educational
reconstruction, we present a collaborative online learning environment that was introduced to final year
students (18–19 years old) in six Norwegian upper secondary physics classrooms. Design-based research
methods guided the development of the learning resources, which were based on a sociocultural view of
learning and a historical-philosophical approach to teaching general relativity. To characterize students’
learning from and interaction with the learning environment we analyzed focus group interviews and
students’ oral and written responses to assigned problems and discussion tasks. Our findings show how
design choices on different levels can support or hinder understanding of general relativity, leading to the
formulation of design principles that help to foster qualitative understanding and encourage collaborative
learning. The results indicate that upper secondary students can obtain a qualitative understanding of
general relativity when provided with appropriately designed learning resources and sufficient scaffolding
of learning through interaction with teacher and peers.
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I. INTRODUCTION

Albert Einstein’s theory of general relativity is an
important pillar of modern physics. Classically, gravity
is described as a force, but Einstein described gravitational
effects as a manifestation of a deep connection between
time, space, and massive objects. This revolutionary insight
is rarely present in school physics curricula because general
relativity (GR) is abstract in a double sense: First, learners
lack experience with relativistic phenomena, because the
realm of GR covers extreme situations not to be found in
everyday life. Second, GR builds on a sophisticated
mathematical framework that is not readily accessible to
secondary school students.
Nonetheless, physicists and science educators argue for

introducing GR in schools because of its far-reaching
scientific, philosophical, and cultural importance [1–3].
Not only does the theory constitute our best understanding
of the Universe, it continues to inspire scientific and
technological progress and has become an issue of practical
concern to mainstream physicists and engineers [4]. GPS

technology relies on GR as does the discovery of gravi-
tational waves that caught public interest in 2016 [5].
Clearly, when introducing GR to school physics, we

need to find ways of communicating important features of
GR without relying on its advanced mathematical founda-
tions [6]. However, it seems that the educational commu-
nity has not properly laid the groundwork for bringing GR
to schools [7]. Studies on secondary school students’
conceptual development of key concepts in GR are scarce.
Most research papers focus either on special instead of
general relativity [8–10] or investigate learning among
undergraduate university students [4,11–13]. Relying
mostly on case studies and interviews, these studies agree
in their findings that students struggle with the interpreta-
tion of relativistic phenomena and that they hold a large
number of misconceptions.
Despite first steps towards teaching GR in schools and an

increasing awareness to teach GR at the undergraduate
level [4], there is a lack of research literature describing
field-tested learning resources in GR that are tailored to the
needs of secondary school students. The present paper aims
to fill this gap by reporting on the development and
evaluation of an online learning environment and upper
secondary students’ understanding of key concepts in GR.

II. BACKGROUND OF THE STUDY

In this section we present the greater educational project
that this work is part of and discuss the curriculum
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constraints of learning physics in Norway to contextualize
our study and its results.

A. Project ReleQuant

This study was conducted within the broader ReleQuant
project that develops collaborative online learning envi-
ronments in general relativity and quantum physics for the
optional physics subject in the final year of upper secon-
dary school in Norway [14]. ReleQuant was established to
investigate novel ways of teaching modern physics and to
study students’ learning processes and motivation. In the
domain of modern physics, demands on both students and
teachers are high. Students struggle with relativity and
quantum physics, since these topics describe phenomena
that cannot be visualized or experienced directly [7,15,16].
Often, teachers lack sufficient background in modern
physics, thus finding the topics conceptually demanding
[17]. Moreover, by emphasizing qualitative understanding
and philosophical aspects, the Norwegian curriculum
requires novel ways of teaching and learning that differ
from teacher-centered traditional physics lessons focused
on content knowledge and mathematical problem solving.
The development of learning resources in ReleQuant is

based on a sociocultural perspective on learning, which
emphasizes language as an integral part of the learning
process [18,19]. This approach entails that students make
physics concepts their own through use of language and
interaction with others [19,20]. In particular in the domain
of GR, upper secondary students have to rely on language
since the advanced mathematical framework of GR is not
available.
Another feature of the development of ReleQuant

resources is the inclusion of history, philosophy, and nature
of science (NOS) aspects. History, philosophy, and NOS
have long been advocated as important elements in science
education [21,22]. Physics educators have made calls for
physics education to move beyond traditional content-
focused instruction and include historical, epistemological,
and sociocultural aspects (see, e.g., Ref. [23]). Moreover,
research has shown that use of history, philosophy, and
NOS can foster understanding in relativity and quantum
physics content [8,24], making this a suitable approach for
an educational reconstruction of GR that focuses on
qualitative understanding.

B. General relativity in the physics curriculum

With the school reform introduced in autumn 2006, GR
was included in the Norwegian curriculum for upper
secondary physics. Such a physics curriculum is uncom-
mon. Of five other European countries and Australia,
which have an educational system comparable to
Norway’s, only Sweden includes GR [15]. In addition
to the more formalistic and traditional topics on the
curriculum, such as Newtonian mechanics and electro-
magnetism, Norwegian physics students are expected to

explore different interpretations and philosophical aspects
of modern physics. However, the specific curricular goal
for GR remains vague:

The aims of the studies are to enable pupils to give an
account of the postulations that form the basis for the
special theory of relativity, discuss qualitatively some of
the consequences of this theory for time, momentum and
energy, and give a qualitative description of the general
theory of relativity [25].

This broad description leaves scope for various inter-
pretations of what constitutes GR qualitatively. Indeed, the
physics curriculum in Norway gives some guidance for
interpretation since it emphasizes historical and philosophi-
cal aspects of physics in particular:

[The subject] also deals with how scientific knowledge
is established and with conflicts and dilemmas that
might arise during this process. (…) [the] subject shall
help create an awareness that physics is part of our
cultural heritage and that the subject must be viewed in
a historical perspective [25].

In addition, the curriculum emphasizes basic skills such
as expressing oneself orally and in writing when learning
physics. Thus, the approach chosen in the present work
aligns both with the Norwegian curriculum goals and with
research literature that describes the important role of
language in a sociocultural setting [19,20], and that
recommends to include historical and philosophical aspects
in school science in order to foster understanding of the
nature of science [21]. We believe that such an approach
will be broadly applicable to preuniversity physics cur-
ricula in other countries as well, thus advancing modern
physics education in general.

III. THEORETICAL AND METHODOLOGICAL
FRAMEWORK

In this study, we combine two powerful frameworks: The
model of educational reconstruction (MER) [26] provides a
theoretical frame for choices of physics content and
learning resources, while design-based research (DBR)
[27] serves as a methodological frame for the development
and evaluation of the learning resources.
Both DBR and MER draw on the tradition of designing

and evaluating teaching-learning sequences (TLS). In a
special issue of the International Journal of Science
Education on TLSs, Méheut and Psillos note in the
editorial:

Yet whereas there is often extensive communication of
learning results, the various explicit and implicit as-
sumptions and decisions concerning the design of a TLS,
its teaching features or the interlacing of teaching with
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learning are less widely discussed, and may not even be
made clear and comprehensible [28].

By dividing the design process into distinct phases,
MER and DBR address this challenge and offer methods
for validating and reporting on the design of learning
environments.

A. Model of educational reconstruction

The model of educational reconstruction [26] offers a
methodological framework for science education research
and provides guidance for integrating empirical research on
teaching and learning in the development of content
structures for instruction and learning resources [28,29].
The framework comprises the basic idea that three strands
of educational research are closely connected (Fig. 1): First,
to analyze the particular science content of a topic and to
identify its key concepts. Second, to take student and
teacher perspectives into account and to assess the crucial
features of students’ learning processes in this topic. Third,
to design and evaluate learning environments and suitable
learning activities.
MER aligns well with the objectives of this study since

its broad and holistic approach can serve as a useful tool
for scrutinizing the educational relevance of fields of
science that have not entered mainstream education yet. In
particular in the field of physics, the model has previously
been employed to reconstruct novel learning domains
such as chaos theory [30], nonlinear systems [31,32],
nanoscience [33,34], climate change [35], and physical
geography [36].
In this study, an analysis of the science content structure

of GR and students’ perspectives according to the liter-
ature served as a basis for the design, development,
and evaluation of an online learning environment in
GR. Presenting new empirical results, we add, moreover,
to the understanding of upper secondary physics students’
learning challenges and discuss the mutual relation
between the three strands of MER.

B. Design-based research

The main goal of the DBR methodology, also referred to
as educational design research [37], is to develop and
implement systematic solutions to educational problems
[27,38]. The framework offers suitable tools for developing
field-tested learning resources, because it relies on repeated
rounds of development in close collaboration with practi-
tioners. The iterative phases comprise analysis and reflec-
tion of the problem, development and design of solutions,
and evaluation using classroom research [37]. Bridging the
gap from research to classroom settings, the formulation of
design principles is a common result of DBR research
praxis [17,39].
Focusing on design revisions and reporting more gen-

erally on the design research and its elements, goals, and
phases are characteristic features of DBR methods [40].
Therefore, we have made the design of our learning
environment a crucial part of our research agenda. In this
study, tentative design hypotheses were derived from the
content structure for instruction that guided the develop-
ment of the learning environment. Testing these design
hypotheses in the classroom setting allowed for iterative
revisions in the design process and enabled us to formulate
research-based design principles.
In line with the stance of project ReleQuant, the design

of learning resources drew on the sociocultural tradition of
viewing knowledge as constructed within and distributed
among people and their environments [41]. In particular,
we view learning and conceptual development in GR as a
process of students’ interaction with peers and the teacher
and with their (physical and technological) environment.
Students in the physics classroom construct knowledge
through collaborative activities that are partly mediated
through the online learning environment. In line with
Vygotsky [42], who highlights the interrelationship of
language and the development of abstract thoughts, our
teaching approach uses discussion and writing tasks as
cognitive tools. “Talking physics” [19,43] is one impor-
tant way to reach understanding of abstract relativistic
concepts.

C. Aims and research questions

The aim of this study is to describe and propose an
educational reconstruction of GR based on the science
content structure and published literature on teaching and
learning the topic supplemented with our own empirical
results. Specifically, we have investigated Norwegian
upper secondary physics students’ work and interaction
with an online learning environment to answer the
following research questions:

• RQ1: What characterizes the understanding of key
features of GR that participating students express
while engaging with the learning environment?

• RQ2: In what ways do the participating students’
experiences support or challenge the design hypotheses

FIG. 1. The model of educational reconstruction combines
three strands of educational research iteratively [26].
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that guided the development of our online learning
environment?

• RQ3: Based on findings from RQ1 and RQ2, what
design principles can be formulated for the develop-
ment of learning resources in GR at the upper
secondary level?

IV. AN EDUCATIONAL RECONSTRUCTION OF
GENERAL RELATIVITY

Following the organization of MER, in this section we
bring together all three strands that have guided our attempt
to reconstruct GR from an educational perspective. The
first steps towards an educational reconstruction of GR
consisted of identifying key concepts of GR and summa-
rizing published research concerning students’ conceptions
and challenges. Based on these insights, we created a
content structure for instruction consisting of a sequence of
specific learning goals and design hypotheses that provided
guidance for the development of the learning environment.
We then tested the learning environment in classrooms and
evaluated and adjusted the design iteratively. In the sub-
sequent sections, we will report on the 2016 class room trial
of this learning environment and the resulting design
principles.

A. MER-component 1: Key concepts of general
relativity according to textbooks

To identify key concepts of GR and to gain insight into
how educators treat those concepts, we started by analyzing
the presentation of GR in the two Norwegian upper secon-
dary physics textbooks that are on the market [44,45]. This
analysis enabled an insight into how the book authors
interpreted the vague curriculum goals explicitly. Since
the Austrian physics curriculum treats GR similarly to the
Norwegian one [46], an Austrian textbook [47] was scruti-
nized to obtain an additional and possibly contrasting
educational perspective.
All three books present similar key features of GR and

differ mostly in the degree of given details. The principle of
equivalence and its implication to the equality of gravita-
tional and inertial mass serves as a first step into the topic:
Locally, one cannot distinguish between a gravitational
field and uniform acceleration. This is followed by a
discussion of reference frames and a generalized version
of the principle of relativity: An inertial frame is a reference
frame in free fall and the laws of physics take the same form
in all reference frames. Gravitational redshift, gravitational
bending of light, and gravitational time dilation are
mentioned as three important phenomena. Finally, curva-
ture of spacetime is presented: Gravity is not a force, but a
geometric phenomenon that is connected to the curvature
of spacetime.
Interestingly, when it comes to curvature of spacetime,

the foci of the two Norwegian textbooks differ to a great

extent. While Callin et al. only mention the geometric
nature of gravity on the final page of the chapter on GR
without detailed explanations [44], Jerstad et al. choose this
topic as a main focus and present Einstein’s struggle to find
a mathematical description of GR from a historical point of
view [45]. More in line with this second presentation, the
Austrian textbook discusses curved spacetime in detail, but
highlights features of non-Euclidian geometry instead of a
historical approach. This difference in presentation of
curved spacetime suggests that physics educators have
not yet reached consensus on how to teach this feature of
GR successfully on a qualitative level and an educational
reconstruction of GR should take this aspect into account in
particular.
To complement upper secondary interpretations of GR

with the understanding of experts in the field, we studied an
acclaimed university textbook in addition [48]. Here, the
main emphasis is clearly on the geometry of spacetime as
stated already in the introduction:

General relativity is Einstein’s theory of space, time,
and gravitation. (…) The essential idea is perfectly
straightforward: while most forces of nature are rep-
resented by fields defined on spacetime, gravity is
inherent in spacetime itself. In particular, what we
experience as “gravitation” is a manifestation of the
curvature of spacetime [48].

On the same line, the renowned physicist John Archibald
Wheeler summarized GR with the famous phrase
“Spacetime tells matter how to move; matter tells spacetime
how to curve” [49]. Once more, we see that the challenge of
teaching the physics of curved spacetime is crucial, since
the explanation of gravity as a manifestation of curved
spacetime is an important feature of GR according to
leading experts.
Summarizing the findings from our analysis of text-

books, we divide the main features of GR into two
categories: Key ideas that make up the conceptual founda-
tion of GR and key phenomena that can be derived from
this conceptual foundation. Our classification of the science
content structure is summarized in Table I.

B. MER-component 2: Student perspectives on
general relativity according to research

literature

Aiming for a comprehensive understanding of students’
perspectives and challenges when faced with GR, we
analyzed the science education literature on GR.
Surprisingly, there are hardly any systematic reviews on
teaching GR and field-tested educational material is rare.
Moreover, also studies on conceptual understanding of
learners are scarce, leading Velentzas and Halkia in their
study on the use of relativistic thought experiments to
conclude that
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(…) the way physics theories of the twentieth century are
taught in the classrooms has not yet been fully inves-
tigated by the educational community. Looking in the
recent literature, the relative works are very few and the
proposals are even fewer [7].

Indeed, out of more than 2000 articles on conceptual
understanding in physics that were published within a
period of 30 years, only eight focus on relativity while
zero of them address GR explicitly [50]. Moreover, recent
works on teaching relativity to preuniversity students
focus usually on special as opposed to general relativity
[8–10] or contribute to an important broader discussion
on interpretations of GR [51] without suggesting actual
learning goals that could guide the development of
learning resources. Most of the publications that inves-
tigate learners’ perspectives on GR study undergraduate
instead of upper secondary students [11–13], an exception
being Pitts et al. [1] and Kaur et al. [52] from the Einstein-
First project [53]. The Einstein-First project aims to
change the paradigm of school science teaching through
the introduction of modern Einsteinian concepts of space
and time, gravity and quanta at an early age. Through
several so-called enrichment programs with Australian
secondary school students, Einstein-First researchers
found that already children of age 10–16 can understand
basic principles of GR and are motivated by concepts of
Einsteinian physics [1,52].
Teaching GR is challenging both technically and

conceptually, because of the advanced math and the
large amount of previous knowledge, notably special
relativity, required [2,54,55]. Learners lack experience
with relativistic phenomena and the counterintuitive

nature of these phenomena poses yet another difficulty
[15,56]. The disagreement between relativistic concepts
and preexisting ideas of space and time that stem from
everyday knowledge and classical physics teaching
can lead to a situation where secondary school students
suffer a “cognitive conflict” [7]. This conflict often
manifests itself in upper secondary students not accepting
consequences of the theory. For example, preexisting
ideas on the absolute nature of time proved to be strong
and students struggled to accept that time is different for
moving observers, even though their own reasoning had
led them to this conclusion [7].
Also, undergraduate students struggle with deeply

rooted classical views on time and space. They have
problems distinguishing between different reference
frames and observers [11] which can hinder a proper
understanding of the principle of equivalence. Indeed, in
their study on alternative conceptions of the principle of
equivalence, Bandyopadhyay and Kumar [12] identified
an altered view of reference frames as “the most important
cognitive transition that needs to be affected in the context
of the principle of equivalence,” [12]. Dimitriadi and
Halkia [9] and Levrini and diSessa [10] confirmed that
also upper secondary students have misleading concep-
tions of frames of reference and particularly the role of
observers.
The most comprehensive study on conceptual difficul-

ties in GR was conducted by Bandyopadhyay and Kumar
[13]. They followed senior undergraduate students
throughout a course on GR and investigated alternative
conceptions of eight key issues that Einstein brought up in
his own exposure of the subject [57]. In probing several
aspects of GR, Bandyopadhyay and Kumar affirmed an

TABLE I. Science content structure: Key features of general relativity.

Conceptual foundation The principle of equivalence:
- In small enough regions of spacetime, the laws of physics reduce to those of special relativity.
In particular, this implies that locally there is no way to distinguish between the effect of a
gravitational field and of being in a uniformly accelerated reference frame.

Reference frames and the principle of relativity:
- One can only define inertial frames locally.
- An inertial system is defined as a system in free fall.
- All reference frames are equivalent to formulate the laws of physics.
Spacetime and curvature:
- Gravity is not a force, but a manifestation of the curvature of spacetime.
- Energy and momentum influence spacetime to create curvature.
- Free particles move in straight paths in curved spacetime.

Relativistic phenomena Gravitational bending of light:
- Massive objects deflect light.
Gravitational red shift:
- The frequency of light is influenced by gravity.
- Light that moves away from a massive body is redshifted.
Gravitational time dilation:
- A gravitational field influences the rate at which time passes.
- The farther a clock is away from a source of gravitation, the faster the time passes.

GENERAL RELATIVITY IN UPPER SECONDARY … PHYS. REV. PHYS. EDUC. RES. 14, 010130 (2018)

010130-5



assertion made by Sexl [58] that students often understand
single ideas of GR but are not able to put these pieces
together to understand the bigger picture. Moreover, they
confirmed the above-mentioned difficulties and observed
a lack of understanding for Einstein’s achievement to
explain the equality of inertial and gravitational mass.
Students tended to think of Euclidean geometry as an
obvious feature of space and often preferred an outside
view on the universe as if it was embedded in a higher
dimensional space. It is interesting to note that
Bandyopadhyay and Kumar are the only authors who
have reported on students’ understanding of spacetime.
However, their study only touches upon the non-
Euclidean nature of spacetime and does not investigate
student understanding of curved spacetime in detail which

TABLE II. Students’ learning challenges in GR according to the literature.

General challenges Specific challenges

GR builds on an advanced level of mathematics. Students struggle with the definition of reference and inertial frames.

GR requires a lot of background knowledge, in
particular special relativity.

Students struggle with the role of observers in different reference frames.

Students have no direct experience of relativistic
phenomena.

Students struggle to apply the principle of equivalence.

The nature of relativistic phenomena seems to be
counterintuitive to learners.

Students cannot connect the equality of inertial and gravitational mass to
the principle of equivalence and generally fail to see the difference
between inertial and gravitational mass.

Preexisting ideas stemming from classical physics
hinder understanding of GR.

Students take the Euclidean nature of our universe for granted.

Students struggle to accept the implications of
GR even when they have understood the
basic principles of the theory.

FIG. 2. A video exercise introduces students to the principle of
equivalence and makes a connection to students’ everyday life by
asking them to discuss the physics of a falling water bottle. (DH2,
DH5, DH7).

FIG. 3. A series of illustrations and thought experiments
contrasts Newton’s and Einstein’s definition of an accelerated
system to illustrate the concept of reference frames. (DH2, DH3).

FIG. 4. A video exercise on GPS technology links the relativ-
istic concept of time dilation to students’ everyday life and allows
them to make connections between special and general relativity.
(DH4, DH5).
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therefore still seems to be a mostly unexplored issue in
science education research.
Also, other parameters can make learning GR difficult,

such as a lack of time for teaching [55] or a lack of suitable
learning activities [54]. Yet, despite various challenges,
relativity seems to engage students to a high degree [59]
and “most or all students show much interest, independent
of age, of gender and of their general interest in physics”
[56]. In Table II, we present the findings on students’
challenges according to the literature more concisely in
summary.

FIG. 5. We invite students to “talk physics” by discussing key
concepts of GR. In this exercise, students are asked to discuss the
two different viewpoints on gravity as held by Newton and
Einstein. (DH7).

FIG. 6. An animated thought experiment presents gravitational
bending of light as a phenomenon that GR predicts but that
classical physics cannot explain. (DH2, DH3, DH5, DH8).

FIG. 7. The learning environment builds on students’ previous
knowledge of classical physics and special relativity to show the
need for a new theory of gravity. (DH3, DH4).

FIG. 8. To show that GR is a topic with historic and present-day
relevance, we constrast the first experimental confirmation of GR
to the recent breakthrough in gravitational wave astronomy.
Students can move between newspaper headlines from 1919
and 2016. (DH5, DH6, DH8).

FIG. 9. Several exercises ask students to discuss in pairs to
foster understanding for relativistic concepts. In this task, a flight
route on the world map illustrates the geometric nature of gravity.
(DH1, DH7).
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C. MER-component 3: Development of the online
learning environment

We have identified key features of GR as they appear in
textbooks and established an understanding of students’
learning challenges through a literature search. We have
argued for an instructional approach emphasizing stu-
dents’ use of language in the learning process and for
including historical and philosophical perspectives. In this

section, we present how these findings and their mutual
relationship have guided our transformation of the science
content structure of GR into a content structure for
instruction in accordance with the MER framework.
This content structure of instruction lies at the heart of
the design of our online learning environment.
Since a successful educational reconstruction of gen-

eral relativity must take both content and design features
into account, we suggest a twofold content structure that
includes specific learning goals for GR in secondary
physics supplemented with design hypotheses. Focusing
on a qualitative presentation, we propose an educational
reconstruction of GR based on the learning goals pre-
sented in Table III. To arrive at those learning goals, we
have taken the key features of GR (Table I) and reformu-
lated and structured them in a way that is suitable for
teaching at the upper secondary level. The learning goals
serve as an interpretation of the vague Norwegian
curriculum goal and as a possible approach for other
contexts where GR is to be presented to learners with
some physics background, but without advanced math-
ematics. Our design hypotheses (Table IV) complement
the learning goals to facilitate teaching and learning of
GR. Figures 2–10 exemplify the implementation of
the design hypotheses through screenshots of the online

FIG. 10. By presenting direct quotes of Newton and Einstein,
we introduce students to the historical development of GR and
present physics as a human endeavor. (DH8).

TABLE III. GR content structure for instruction specified by learning goals.

Content Learning goals

Introduction Describe general relativity as a new theory of gravity.
Explain how the fact that Newton’s force of gravity acts instantaneously
contradicts Einstein’s claim that nothing can move faster than the speed
of light.

The principle of equivalence Use the fact that locally it is impossible to distinguish between a
gravitational field and a uniform acceleration and/or between free fall
and the absence of a gravitational field to explain how acceleration and
gravity are equivalent phenomena.

Reference frames and principle of relativity Describe an inertial reference frame as a reference frame in free fall.
Explain that the laws of physics take the same form in all reference
frames.

Relativistic phenomena (bending of light, gravitational
redshift, time dilation)

Give examples of phenomena that are predicted by GR but not by
Newton’s theory of gravity.

Describe how light travelling through the gravitational field of the sun is
deflected and use the principle of equivalence to explain why this is
predicted by GR.

Describe how time goes slower close to massive objects and use the
principle of equivalence to explain why this is predicted by GR.

Explain how light that moves away from a gravitational source is
redshifted and light that moves towards a gravitational source is
blueshifted.

Spacetime and curvature Explain how general relativity is a theory describing the relationship
between space, time, and gravity.

Describe our universe as having three spatial and one temporal dimension.
Explain that gravity is not a force, but a geometric phenomenon.
Describe how mass curves spacetime and how curvature influences the
movement of mass.
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learning environment. In Sec. VI we will critically
discuss the design hypotheses in light of student expe-
riences to arrive at finalized design principles according
to the DBR framework.

V. CLASSROOM IMPLEMENTATION AND
METHODS

A. Implementation and data collection

The design hypotheses, together with the learning goals,
led us to develop an online learning environment designed
for 180 min of classroom time, containing text and images,
videos, animations and simulations, writing and discussion
tasks, thought experiments, and contextualization using
historical as well as everyday examples. The learning
environment was implemented in six physics classrooms
at four generally high-performing schools in the Oslo area
in spring 2016. The students were in their final year of
upper secondary school and enrolled in the most advanced
physics course available in Norwegian upper secondary
school, namely, Level 2 physics. The students’ teachers,
who had participated in the DBR process of developing and
testing previous versions of the resources, led the physics
lessons. Teaching comprised two units of 90 min each.
In total, 122 upper secondary students (age 18–19), 44 girls
(36%) and 78 boys, and their six teachers participated.
Informed consent to participate in the research was
retrieved from all students and teachers.
To be able to follow students’ learning paths, each lesson

was observed by 1–2 field workers, one of whom was
always the first author. In three classes, video recordings
supplemented the observations. To investigate how students
“talk physics,” we asked students to make audio recordings
of small-group discussions that are built into the learning
environment. Students recorded the discussions with their
smartphones and sent the files to the teacher, who for-
warded them to researchers. Students’ written responses
were retrieved from the online learning platform. To gain
insight into students’ experiences with the learning envi-
ronment and their own judgment of their learning in GR,
we conducted four semistructured focus group interviews,
one in each participating school with 5–8 participants per

group and 25 students in total. The students were chosen by
the teachers to allow for a balance of gender and to include
both stronger and weaker students. To ensure consistency,
the first author conducted all interviews. The interviews
were based on an interview guide focusing on the design of
the learning activities, use of language, and students’
challenges and motivation.

B. Analysis of data

The first author and research assistants transcribed audio
recordings from small-group discussions and focus group
interviews, and these files, together with students’ written
responses, were imported into the Atlas.ti software for
qualitative data analysis. Data sources for students’ under-
standing of key concepts (RQ1) and for evaluation of the
design hypotheses (RQ2) consist of focus groups and
responses to written and audio exercises.
The analysis was based on thematic coding [60] and

driven by our research questions. The first author per-
formed the initial coding, and the coding process, formu-
lation, and interpretation of findings, and the selection of
representative quotes was discussed among ourselves over
several rounds.
In the first stage of analysis, focus group interviews were

coded for key concepts of GR that we chose as overarching
themes (principle of equivalence, reference frames, space-
time, gravity, relativistic phenomena). In addition, focus
group data were coded for features of our design hypoth-
eses (language, history and philosophy, thought experi-
ments, motivation, gap every-day, new way of thinking).
Written and oral responses were coded for correctness

and for overarching themes (as above), which were again
broken down into recurring motives that students drew on
to support their arguments.

VI. RESULTS AND DISCUSSION

To answer our research questions, we evaluated the
participating students’ understanding of key concepts in
GR (RQ1) and investigated how students’ experiences
support or challenge the design hypotheses (RQ2).
Concluding, we synthesized our empirical results to

TABLE IV. Design hypotheses for design of learning resources.

Design hypotheses

DH1 Students can grasp central ideas in GR qualitatively without advanced mathematics by relying on geometric ideas.
DH2 Thought experiments, analogies and visualizations of relativistic phenomena foster understanding in GR.
DH3 Emphasizing the break of relativistic with classical physics helps students to overcome their classical preconceptions.
DH4 Recalling background knowledge in special relativity allows students to align relativistic ideas from special relativity with

general relativity.
DH5 Linking abstract topics to students’ everyday life motivates and fosters understanding in GR.
DH6 Students are generally motivated by topics in relativistic physics, such as black holes and spacetime.
DH7 Use of language and talking physics facilitates understanding of abstract concepts in GR.
DH8 Students are interested in the historical development of GR and its philosophical implications.
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formulate design principles for the development of learning
environments in GR for upper secondary school (RQ3).
Specifically, our interest lay in evaluating the design
hypotheses and understanding the process of learning in
the setting where the activity and collaboration with peers
and the teacher took place [61]. This focus aligns both with
the sociocultural approach of ReleQuant, with the MER
model, and with recent calls that invite educational research-
ers to “examine more closely how the meaning and functions
of CSCL [Computer Supported Collaborative Learning]
applications are actually constituted in practice” [62]. The
authors translated quotes of students and teachers from
Norwegian to English. We denote quotes from focus group
interviews by FG, written responses by WR, and audio
records of the oral discussions by OD.

A. Student understanding of key features of GR

Next, we present our findings on students’ understanding
of key concepts in GR.

1. The principle of equivalence

In the interviews, students could explain the principle of
equivalence and were able to connect it to relativistic
phenomena such as the deflection of light around the Sun.
Nonetheless, some students found it difficult to believe that
there is no experiment at all which could resolve whether
one is accelerated or under the influence of gravity.

FG—student: No, for me, so it is mostly that it is a bit
difficult to, sort of, believe that you cannot do any
experiment to test whether you’re not in an accelerated
room instead of being in a pure gravitational field.
This is something, which I think is a bit difficult to
understand?

We introduced the principle of equivalence through a
discussion exercise and an experiment with a leaking bottle
of water that can be explained by classical physics and that
relates to Einstein’s own thought experiment (Fig. 2). This
approach has been successful in connecting students’
everyday experience to the physics of relativity. Students
remembered the activity well and found it easier to relate to
it than to the example of a falling or floating elevator that is
usually found in textbooks and that has been analyzed in
the literature before [7].

FG—student: I remember that there [in the online
learning environment] were much easier examples to
understand, because the book uses those examples that
you yourself can’t relate to. But in the project we used
examples which we could actually feel familiar with.
FG—researcher: Do you have some examples for that?
FG—student: For example, the one, the water bottle.

However, many students would have liked a summariz-
ing explanation at the end of the activity to connect the
principle of equivalence explicitly to the physics of a falling
water bottle. This criticism was partly confirmed by an
analysis of the corresponding audio-recorded discussions.
We found that the question “What will happen to the jet of
water if the bottle falls?” was poorly formulated, because
many students did not relate their discussion directly to the
principle of equivalence but discussed related topics such as
air resistance instead. Consequently, many groups did not
come to the right conclusion, showing indeed the need for a
clarifying summary as part of the activity. This finding
suggests that learning activities in GR have to be very
explicit when linking relativistic phenomena to students’
everyday experience. As a consequence, questions for pair
and group discussions have become more specific in the
final learning environment.

2. Reference frames

In the interviews, none of the students mentioned the
new definition of inertial frames explicitly, which could
hint towards a lacking acknowledgement of the important
reinterpretation of reference frames in GR [12]. The
analysis of the audio discussions revealed that there seems
to be a big gap between knowing the definition of an
inertial system and being able to apply it to a given
situation, suggesting that rote rather than deep learning
had occurred. Students showed mixed understanding trying
to find an answer to the question “According to GR, are you
in an inertial reference frame while sitting in the classroom
right now?” Even though many gave the correct answer,
namely, that they are not in an inertial frame according to
GR, the discussions revealed that students often did not feel
confident in their reasoning. Students not trusting their own
reasoning or sticking to classical views of acceleration—
even though they could reproduce Einstein’s definition of
being accelerated—supports findings from Velentzas and
Halkia [7].

OD—student 1: I thought we agreed on being in an
inertial system.
OD—student 2: We are not…
OD—student 1: Yes, we are surely not in free fall, so
then we are in an inertial system.
OD—student 2: Yes, we are influenced by acceleration.
Never mind.

One group of students came to the conclusion that an
inertial frame depends on the perspective of the observer
and is therefore a relative concept; other students formu-
lated similar thoughts but would not go so far as to say
that one cannot give a definite answer to the question.
Emphasizing that there exist several concepts in relativity
that are not relative (the notion of inertial frames being one

MAGDALENA KERSTING et al. PHYS. REV. PHYS. EDUC. RES. 14, 010130 (2018)

010130-10



of them) might help students to connect novel ideas in GR
to their previous knowledge of physics.

3. Gravity and spacetime

In an introductory exercise, students were asked to
answer the question “What do you know about gravity?”
The written responses revealed that there was great varia-
tion in the understanding of gravity. Ideas ranged from
phenomenological to mathematical descriptions as well as
personal experiences of gravity. To contrast students’ initial
knowledge with their ideas at the end of the unit, the nature
of gravity was a topic in the focus group interviews. Most
students answered in line with Einstein. However, they
admitted that both Newton and Einstein seemed to have
valid explanations, but Einstein’s explanation was per-
ceived as far away from real life.

FG—student 1: I think if you have to explain to an
average person what gravity is, like just now, then it gets
easier to say Newton’s, yes, everything that has mass
attracts mass and so, yes, then there is opposing force
and attracts each other equally and stuff. But it, yes.
FG—student 2: Yes, I could have never gone and said
I talk to mum about, about what Einstein meant, because
she wouldn’t have understood anything.

Connected to the idea of gravity is the notion of curved
spacetime. In an activity at the end of the chapter on curved
spacetime, students were asked to summarize Newton’s and
Einstein’s description of gravity. The interviews revealed
that spacetime is an engaging, yet challenging concept that
the students felt very uncertain about:

FG—student: This is very exciting, because you can
look at spacetime and then it curves if there is mass,
around mass, but this is, you can see it in your mind,
but then you think that you are in there, you are on the
surface of the earth, you are sort of in a small sink. So
then it gets sort of difficult to imagine it again, because
if you take a look around you see the Universe, you
don’t think of being down in a well somehow; this is
very difficult.

However, even though curved spacetime is perceived as
a difficult concept, students generally found the geometric
way of looking at space and time exciting. This interest
supports a claim made by Levrini and Fantini [63], who
argued that challenges in modern physics can be productive
and engaging for upper secondary students.
This statement illustrates another finding that aligns

with the perception of GR being far away from students’
life: Students found it difficult to relate the abstract
description of curvature to their own experience of
gravity. While they could reproduce the general descrip-
tion that mass curves spacetime and the curvature of

spacetime leads to gravitational effects, they struggled to
explain why gravity keeps them grounded on the floor.
This gap between abstract and experiential understanding
of gravity is further elaborated on in a related publication
from the ReleQuant project [64] and has also been
identified among middle school students [1].

4. Relativistic phenomena: Redshift, time dilation,
and gravitational bending of light

In the interviews, students could name gravitational
bending of light and gravitational time dilation as relativ-
istic phenomena that GR predicts. It seems that these
phenomena have acted as a complement to the more
abstract principles and have helped to bridge the gap
between scientific concepts and students’ everyday under-
standing of time, space, and gravity. Students exemplified
movement through curved spacetime with light rays that
bend around the sun. Moreover, they appreciated the
historic perspective of introducing deflection of light in
the context of the solar eclipse from 1919.
While the bending of light was well received by students,

gravitational time dilation and redshift seemed to have been
more problematic. Even though well remembered in the
interviews, students found these features complicated. This
observation was confirmed by an analysis of a written task
in which the gravitational redshift of a light signal detected
in a spaceship was used to explain time dilation. In their
explanations, students often mixed up classical and rela-
tivistic concepts, presented incoherent arguments, or tried
to argue with the relativity of observation to explain time
dilation:

WR—student: The blueshift is relative to the rear, not to
the space around the spaceship. This way, a detector in
the spaceship will read different values for the number
of wave crests than a detector in the surrounding space.
This suggests the contraction of objects that accelerate.

Thus, when presenting applications of GR it is important
to take enough time to explain the relativistic phenomena in
detail instead of just using them as an example of a more
general principle of the theory.

B. Evaluation of design hypotheses for
the GR learning environment

The design of the learning environment was framed by
eight design hypotheses. In this section, we will discuss
these hypotheses in light of our empirical findings.

DH1: Students can grasp central ideas in GR qualita-
tively without advanced mathematics by relying on
geometric ideas.

Using geometric ideas to foster understanding of the
curvature of spacetime is a strategy that has been proposed
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before by education researchers and physicists [2,53,
54,65]. Even though GR relies on an advanced mathemati-
cal foundation, the theory is geometric in its nature. We
made use of this feature by developing learning activities
that relied on geometry to explain curved spacetime. In the
learning environment students encountered a simulation
that presentedEinstein’s quest to find a geometric description
of GR. Students were asked to discuss the form of a flight
route on a world map to become familiar with the concept of
shortest paths on curved surfaces (Fig. 9). The simulation
continued to compare the geometry of the world map to the
geometry of spacetime. We found that this geometric
approach was very successful in engaging students and
facilitated learning of the geometric features of curved
spaces.

OD—student 1: We believe that eh…you don’t fly along
a straight line because the Earth is round, and…
OD—student 2: And then the shortest path becomes
such a curved line instead of a straight line because the
Earth is not a plane, like on a sheet. This is a bit exciting
because then you know that maybe not always a straight
line is the shortest path between two points.

However, it is not clear whether such a geometric
approach actually did foster a deeper understanding for
curvature in four-dimensional spacetime or whether it
only helped students to grasp ideas of 2D and 3D spatial
curvature. In another study, we looked closer at students’
understanding of the space and time dimensions in
GR exemplified by the rubber sheet analogy [66]. This
analogy compares spacetime to a rubber sheet that gets
distorted by massive objects. It is a popular, yet con-
troversial way of illustrating GR [2,53,67]. We found that
even though most students showed awareness of the
limitations of an analogy that reduces the number of
dimensions, many did not address the temporal dimension
of spacetime explicitly [66].

DH2: Thought experiments, analogies and visualiza-
tions of relativistic phenomena foster understanding
in GR.

Students lack direct experience of relativistic phenomena
and one can use several strategies to deal with that problem.
Generally, it seems that thought experiments have helped to
deepen students’ engagement with key concepts in GR.
When asked about the role of thought experiments in the
learning environment, students answered that those were
engaging and challenged their understanding, thus making
it easier to probe their own knowledge in GR.

FG—student: I actually liked all the thought experi-
ments, because you have to, sort of, think a bit, now we
have learned something and then you have to think a bit

about why it is like this, how can you use this after all?
Ehm, this was actually pretty nice, since then you are in
a sort of different mode, you have to think and not only
read something.

These findings support Velentza’s and Halkia’s [7] con-
clusion that thought experiments are useful educational
tools to help students deal with abstract concepts in relativity.
Thought experiments were especially successful to explain
the principle of equivalence. Many students confirmed that
the thought experiments of Einstein stepping off a tall
building and of a laboratory in an accelerated spaceship
helped them in their understanding.
The use of analogies is a more ambiguous issue. We

observed a heavy dependence on the rubber sheet analogy
when students talked about curved spacetime. The fact that
this analogy was ubiquitous throughout the data set
suggests that learners have a great need for visualizations.
In particular, the analogy of the rubber sheet seems to
inform the way students think about spacetime:

FG—researcher: What is gravity?
FG—student 1: Yes, I have this (laughs) warps in, eh, or
according to Einstein warps, in, eh, curvature of space.
Then, so like, this is sort of pretty difficult to explain that
you need these visual, yes, you need it visualized to just
understand it better.
FG—student 2: Like he said with this trampoline that,
eh …
FG—student 1: Yes, if you think of spacetime then it gets
a lot easier to understand.

Students’ reliance on the rubber sheet analogy could be
partly explained by a lack of other convenient and visual
ways to grasp the abstract idea, especially because a
mathematical description is not accessible. These findings
confirm the need for suitable visualizations as expressed by
Kraus [56] and Weiskopf et al. [68].
However, the analogy troubled some students and they

criticized the comparison, because it relied on gravity to
explain gravity, which is a common criticism among
physicists as well [67].

FG—student: Hm, the only problem I have with the
rubber sheet analogy is that it requires a gravity
(laughs) to make the model work as well. This is what
I struggle with, because there won’t be any curvature in
space without a gravity that makes a well in it.

The use of this particular analogy should therefore be
reconsidered in light of analogies being “two-edged
swords” when viewed as educational tools [69].
Insufficient discussion of the flaws of the rubber sheet
analogy in the learning environment might have led to
unnecessary misconceptions. Teachers should therefore
point out explicitly in which ways the rubber sheet analogy
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oversimplifies the geometric description of GR. This
observation guided a revision of the learning environment
that includes a new discussion task on the shortcomings of
the rubber sheet analogy in its final version.

DH3: Emphasizing the break of relativistic with
classical physics helps students to overcome their
classical preconceptions.

Since preexisting ideas that stem from classical physics
often hinder students’ understanding, one can present the
break between classical physics and GR explicitly to make
students become aware of their own preconceptions. In the
interviews, students repeatedly expressed the insight that
GR greatly differs from classical physics. Often, they
articulated the need for a new way of thinking to understand
GR. Students found this shift of perspective challenging,
but also exciting and fun:

FG—student: Otherwise, it was fun to just see every-
thing from a completely different angle all the time, a
different perspective, like ohh, you can look at this also
in this way.

This finding supports our hypotheses that emphasizing
the break between GR and classical physics can engage
students and help them become aware of their classical
understanding of physics. Moreover, such a strategy has
already been successfully used in special relativity [7] and
quantum physics [17].

DH4: Recalling background knowledge in special
relativity allows students to align relativistic ideas from
special with general relativity.

The interviews confirmed previous findings that students
find special relativity with its new way of describing time
and space difficult [9]. Moreover, we found that students
tended to confuse principles of special and general relativity:

FG—student 1: Mass curves time and space, this was a
bit difficult; I didn’t manage to (mumble). And it is very
weird to think that centimeter and meter are kind of
different in movement than if they stand still. This I think
is difficult to think, difficult to accept, or how, kind of,
that if one centimeter and one meter are like. Yes, I think
this was difficult.
FG—student 2: This was special relativity.
FG—student 1: I have little overview on that. But I think
this was difficult to understand.

These findings suggest that one way of helping students
overcome their confusion might be to present more clearly
the distinction between key concepts of special and general
relativity and how GR aligns with special relativity and
classical physics. Because of time and curriculum constraints

in schools, drawing on special relativistic concepts could
make it evenmore difficult for students to understand abstract
concepts inGR. In particular, the concept of reference frames
requires students to handle conflicting definitions in classical
physics, special relativity, and general relativity.

DH5: Linking abstract topics to students’ everyday life
motivates and fosters understanding in GR.

Learners experience the nature of relativistic phenomena
as counterintuitive. Overall, using everyday examples to
illustrate relativistic ideas worked well to explain the
principle of equivalence, the geometry of curved surfaces
and relativistic phenomena. As explained in Sec. VI.A and
in Sec. VI.B in DH1, both the discussion exercise about
curved flight routes on flat maps (Fig. 9) and the physics of
a falling bottle of water (Fig. 2) stimulated discussions
among students and were mentioned in the interviews.
Students understood the application of GR in GPS tech-
nology well. In an exercise in which students were asked to
explain how special and general relativity affect GPS
systems (Fig. 4), almost all students gave a correct or
partly correct explanation and many supplemented their
responses with detailed explanations showing that students
were able to connect newly learned content in GR to their
previous knowledge:

WR—student: If you look at special relativity, then
moving clocks will go a bit slower than clocks at rest.
You have to take this into account considering that the
satellites, and the Earth, follow their orbit with a
certain velocity. But, if you look at general relativity,
clocks that are in a gravitational field go slower than
clocks that are outside of a gravitational field. This
means that the clocks on Earth go slower than the
clocks in the GPS satellites, so you have to take this
into account as well.

Thus, emphasizing links between everyday life and
abstract phenomena seems to be fruitful when introducing
students to GR. This observation aligns with a similar one
in quantum physics [17].

DH6: Students are generally motivated by topics in
relativistic physics, such as black holes and curved
spacetime.

Concerning their motivation and attitude towards learn-
ing GR, students confirmed our hypothesis, in line with
observations of Zahn and Kraus [2]. They wanted to learn
more about the nature of space and time because they
perceived the topic to be modern and relevant:

FG—student 1: …the more I think about it, the more
fascinated do I get…
FG—student 2: … what we have learned has been very
old—old knowledge—so (…)
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when we learned about those gravity waves (…) I found
it very interesting.

Students’ fascination might be due to popular culture,
because GR has become part of the 20th century cultural
heritage [1,7] and Einstein has become a scientific icon.
The recent detection of gravitational waves [5] can have
contributed to this perspective, since many students men-
tioned the discovery.

DH7: Use of language and talking physics facilitates
understanding of abstract concepts in GR.

Generally, the focus on using language to build and
articulate physics understanding and insight was well
received by students. The focus groups interviews sup-
ported previous findings on using language in science
classrooms [17,43,70]: Talking physics fostered students’
overall understanding in GR and discussions with peers and
with the teacher were experienced as an engaging variation
from regular teaching. In particular, students appreciated to
think aloud, and they liked that their understanding of GR

was challenged by discussions, which forced them to
reason and to find arguments:

FG—student: I understand it a lot better if I have to
explain it, so even though I haven’t quite understood it
myself, I start to try to explain it. So this, sort of, the
pieces fit together while I work on that, so this helps.
This way I get a much clearer picture of how this is.

Nonetheless, students asked for more mathematical
approaches and easy calculations to probe their understand-
ing aswell. Thiswas a recurrent critique in the interviews that
relates to the frustration that students experience when
approaching GR only qualitatively. This finding shows that
students are aware of the close relationship between math-
ematics and physics [71]. However, the challenge in GR is
that we do not have easy calculations at hand and that
students have to rely almost exclusively on nonmathematical
explanations:

FG—student: (…) it is difficult to understand like.
FG—researcher: Yes, but could we have made it easier
to understand?

TABLE V. Empirically based design principles for learning resources in GR.

Basic principles and specific features

1. Emphasize how GR relates to and sometimes breaks with classical physics.
(a) Present the need for a new theory of gravity by showing that special relativity and classical mechanics are irreconcilable.
(b) Present relativistic phenomena such as gravitational bending of light and time dilation to show that GR extends the scope of
classical physics.
(c) Point out how the definition of inertial frames in GR differs from similar notions in special relativity and classical mechanics. Ask
students to apply the abstract definition of an inertial frame to specific problems.
(d) Show that there exist concepts in GR that are NOT relative, such as the notion of inertial reference frames, to help students connect
relativistic ideas to their classical understanding of physics.

2. Link key concepts of GR to students’ life worlds to counteract the lack of experience with relativistic phenomena.
(a) Use everyday examples to illustrate relativistic ideas and to enable students to connect GR to their everyday life. GPS technology
can exemplify gravitational time dilation and the geometry of world maps can illustrate motion in curved spaces.
(b) Use thought experiments as educational tools to help students understand abstract concepts in GR. Thought experiments that
illustrate free fall and weightlessness are particularly successful when explaining the principle of equivalence.
(c) Use analogies with caution. State shortcomings of analogies explicitly to prevent the formation of misconceptions. In particular,
explain how the rubber sheet analogy oversimplifies the notion of curved spacetime.
(d) Use visualizations in the form of digital simulations and animations to introduce students to relativistic concepts and to prevent the
formation of misconceptions.

3. Draw on students’ prevailing motivation and interest to introduce key concepts in GR.
(a) Use astronomical phenomena to engage students. Gravitational lensing around black holes can illustrate gravitational bending of
light and curvature of spacetime. Thought experiments involving spaceships can illustrate the principle of equivalence.
(b) Present GR in light of its historical development. The solar eclipse in 1919 can serve as historical example for an experimental
verification of GR. Relate Einstein’s quest to find a new theory of gravity to abstract descriptions of GR.
(c) Emphasize epistemological aspects of GR and explain how Einstein’s new interpretation of space, time, and gravity has shaped our
worldview.
(d) Present GR as an active field of research by referring to the recent observation of gravitational waves.

4. Invite students to use written and oral language to facilitate understanding of abstract concepts in GR.
(a) Give students the opportunity to “talk physic”’ with their peers by using discussion tasks that probe conceptual understanding of
key concepts in GR.
(b) Ask students to summarize their understanding of key concepts in written exercises to let them practice the use of new physics
vocabulary.
(c) Use plenary discussions guided by the teacher to consolidate understanding of GR and resolve misconceptions.
(d) Explain that our qualitative understanding of GR can be made rigorous by employing advanced mathematics.
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FG—student: This is a bit difficult to say, but maybe like
try to explain by doing a, a short math calculation (…)
ehm, a bit more proof of it, it doesn’t need to be a very
complicated proof.

To counteract the formation of frustration among
students, teachers have to raise awareness for different
ways of learning physics: qualitative understanding and
historical and philosophical perspectives should be seen
as valuable learning goals in their own right, enabling
students on preuniversity level to grasp important areas of
modern physics without the full mathematical-formalistic
“toolbox” [72].

DH8: Students are interested in the historical develop-
ment of GR and its philosophical consequences.

Aside from aspects regarding the specific content of GR,
students were particularly motivated by approaches relying
on the history and philosophy of science. They approved of
a historic perspective that gave them insight into the
development of GR. Being able to follow Einstein’s
reasoning and his struggle to find a new theory of gravity
seemed to enable them to draw connections to previous
knowledge and to the theory as such. In particular, students
appreciated the famous experimental verification of GR
during the solar eclipse in 1919 (Fig. 8).

FG—student: I think it was very interesting that we kind
of learned about, like, the history as well kind of. How
this developed and this, (…) experiment with when they
test bending of light with him, I don’t remember his
name, Sir…
FG—researcher: Sir Eddington.
FG—student: Yes, Eddington, that someone tested this
kind of and verified it.

This supports previous research [73] highlighting how
historical examples may support motivation and learning in
physics.

C. Empirically based design principles for
developing GR learning resources

After synthesizing our findings from the classroom
trials with our design hypotheses and with previously
published research, we now formulate design principles
(RQ3) that we believe can guide the design of learning
resources in GR and that foster qualitative understanding
and encourage collaborative learning. The empirically
based design principles follow a two-level structure with
four basic principles that are specified by more specific
features for each of them, as shown in Table V. These
principles together with the insight on students’ chal-
lenges identified in this study informed revisions of our
learning environment. The revisions led to the final
version that is now freely accessible on the Norwegian
learning platform Viten [74].

VII. SUMMARY AND CONCLUSION

The aim of this study was to describe and propose an
educational reconstruction of GR for upper secondary
physics students. Following the framework of MER, we
identified key features of GR and studied learners’
difficulties based on an analysis of physics textbooks
and relevant literature. These results enabled us to turn the
science content structure of GR into a content structure for
instruction. DBR methods guided the development and
evaluation of a collaborative online learning environment
which were based on a sociocultural view of learning
and a historical-philosophical approach to teaching GR.
By extracting central principles for the design of an
online learning environment in GR and by characterizing
students’ understanding and learning challenges, we
added new empirical results to two of the three compo-
nents in the MER framework. Seeing that field-tested
educational material in GR is still rare, this study thus
contributes to a growing body of research into teaching
and learning GR at secondary school level.
Our findings corroborate earlier results reported in the

literature [1,7,13,52] and have added to a deeper and more
comprehensive understanding of students’ challenges in
learning GR. Specifically, we have presented first empirical
results on students’ understanding of curved spacetime,
which is scarce in the literature. In summary, our findings
indicate that upper secondary students can obtain a quali-
tative understanding of GR when provided with appropri-
ately designed learning resources and sufficient scaffolding
of learning through interaction with teachers and peers.
By synthesizing our empirical findings with the design

hypotheses that we based on a sociocultural perspective
and historical and philosophical approaches to learning
physics, our final design principles are equally grounded
in theory and practice. The principles arose from an
iterative process of development and their formulation
completes our proposed educational reconstruction of GR
targeted at upper secondary students.
The online learning environment presented in this paper

was developed to help Norwegian upper secondary
students achieve the specific competence aims in the
national curriculum for physics. Thus, design principles
may need to be adapted to other groups of learners and
different curricular aims. While our results are not gen-
eralizable per se, we claim, however, that our results
demonstrate the feasibility of communicating central
aspects of GR qualitatively, without mathematics, and
that our design principles represent insights that may be
quite broadly applicable.
Weanticipate future research thatwill throw further light on

howGR can be communicated to and understood by different
groups of learners as well as research investigating students’
learning processes inmore detail. GR is an important pillar of
modern physics. We believe that our take on an educational
reconstruction of GR brings us one step closer to teaching

GENERAL RELATIVITY IN UPPER SECONDARY … PHYS. REV. PHYS. EDUC. RES. 14, 010130 (2018)

010130-15



students our most contemporary scientific understanding of
the Universe, thus turning GR into an important pillar of
modern physics education as well.
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