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Abstract

Multiple external representations (MERs) are useful for

teaching complex content in science education. An

open question is whether there is an especially effective

way to sequence MERs. On the one hand, the so-called

concreteness fading approach suggests starting instruc-

tion with more concrete representations and proceed-

ing stepwise to more idealized representations. The

effectiveness of this fading approach is, however,

supported mainly by studies in mathematics education,

while the results in physics are equivocal. On the other

hand, presenting different representations simulta-

neously may support linking, that is, the comparison

and contrast of representations, which may benefit

learning. In an experimental classroom study

(N = 187), we compared concreteness fading and

simultaneous presentation of MERs for learning a chal-

lenging physics content in high school, namely, Fara-

day's law. We found no significant differences between

conditions in posttest performance, and an equivalence

test with bounds d = �0.5 to 0.5 showed that both

approaches performed equally. The results align with

previous findings questioning the superiority of con-

creteness fading over other ways of sequencing MERs.

Received: 31 July 2023 Revised: 28 March 2024 Accepted: 12 April 2024

DOI: 10.1002/tea.21947

|

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

© 2024 The Authors. Journal of Research in Science Teaching published by Wiley Periodicals LLC on behalf of National Association for

Research in Science Teaching.

J Res Sci Teach. 2024;1–33. wileyonlinelibrary.com/journal/tea 1

https://orcid.org/0000-0001-7739-3904
https://orcid.org/0000-0003-3324-2690
https://orcid.org/0000-0002-7144-1431
mailto:lichtenberger@phys.ethz.ch
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/tea
http://crossmark.crossref.org/dialog/?doi=10.1002%2Ftea.21947&domain=pdf&date_stamp=2024-04-30


Therefore, facilitating students' understanding of a

complex physics content may involve more than deter-

mining the optimal order of presenting MERs. We dis-

cuss limitations of the present study and implications

for future research and practice.

KEYWORD S

concreteness fading, multiple external representations, physics
instruction, science education

1 | INTRODUCTION

A central aim but also a major challenge in science education is to foster understanding of sci-
entific concepts, that is, supporting the construction of relational knowledge of the concepts in
a domain (Goldwater & Schalk, 2016). Learning scientific concepts is typically supported using
multiple external representations (MERs), such as manipulatives, figures, diagrams, graphs, and
equations (e.g., Ainsworth, 2008; Corradi et al., 2012; Treagust et al., 2017), for several reasons.
First, each representation brings unique advantages and benefits for conceptual understanding
(e.g., Fredlund et al., 2014; Lampinen & McClelland, 2018). For instance, a graph of an object's
velocity or acceleration is effective for inferring the kinematics over time, but tables are often
better for reading exact values or finding maximum/minimum values (Ainsworth, 2014, p. 468).
Second, MERs convey complementary information about scientific concepts. Thereby, they
might foster students' understanding (Kozma et al., 1996) and support them in recognizing
what is essential in the various representations. That is, multiple representations complement
but also constrain each other: A formula may focus the interpretation of the outcome of an
experiment directly on the relevant variables; a graph may focus the interpretation on the
dynamicity of the relationship between variables; and a formula may constrain the interpreta-
tion of a graph by determining, for example, the scaling of the axes. Third, using MERs can sup-
port abstraction across representations, that is, help learners construct relational knowledge
and thus generalizable and transferable schemata. There is now clear evidence that learning
with MERs is more effective than learning with single external representations (e.g., Malone
et al., 2020; Müller et al., 2017; Treagust et al., 2002). However, how to sequence or combine
MERs to support learners' understanding of scientific concepts is less clear, with several
approaches, sometimes contradictory, being proposed in the research literature. In the present
study, we compared two approaches, concreteness fading versus simultaneous presentation of
representations, in a physics classroom experiment with upper secondary school students learn-
ing about Faraday's law.

Concreteness fading (Fyfe & Nathan, 2019) is a widely known approach to promote students'
understanding of concepts. Accordingly, MERs should be presented in a stepwise sequence
from more concrete to more idealized external representations. This approach builds on
Bruner's (1966) theoretical suggestion to sequence enactive, iconic, and symbolic representa-
tions and on empirical evidence according to which concrete representations help students acti-
vate prior knowledge and ground the following more idealized representations in the initial
concrete learning experiences (Fyfe & Nathan, 2019). Several implementations of concreteness
fading exist. For example, implementations differ regarding the number of steps (two vs. three)
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or the types of representations used (pictures vs. physical objects). However, all
implementations share the idea that learning should start from concrete representations and
proceed stepwise, presenting one representation after another to more idealized representations
(for an overview, see Kokkonen & Schalk, 2021; Suh et al., 2020). Note that some researchers
refer to the more idealized representations as “abstract” representations (e.g., Ainsworth, 2006).
We chose to follow Fyfe and Nathan's (2019) terminology in which abstractness is used to
describe ideas (e.g., the triangle-ness of triangles), and representations represent ideas in more
or less concrete or idealized ways. Specifically, “the term ‘idealized’ is relative, not dichotomous
[…], as some representations can be more idealized than others” (Fyfe & Nathan, 2019, p. 407).
There is some encouraging evidence for concreteness fading in mathematics education, but the
evidence from physics education is mixed (Jaakkola & Veermans, 2018; Kokkonen et al., 2022).
The generalizability of the approach across domains has also been questioned in a conceptual
analysis (Kokkonen & Schalk, 2021).

Besides the sequential introduction of different external representations, there is also evi-
dence that simultaneous presentation of MERs may be beneficial. It has been shown repeatedly
that simultaneous presentation prompts processes of comparing and contrasting, which in turn
support the understanding of concepts and the ability to successfully transfer knowledge to
novel problems (for a meta-analysis, see Alfieri et al., 2013). Likewise, theories of multimedia
learning suggest that people learn more when corresponding representations (e.g., text, words,
and pictures) are presented according to the spatial and temporal contiguity principle; that is,
different representations are presented at the same time, close to each other, and thus aligned
in time and space (Mayer & Fiorella, 2014). For example, Mayer (2009) reported meta analytic
results which show strong positive effects on transfer performance for the spatial contiguity
principle (d = 1.09). That is, “learners performed better […] when corresponding text and illus-
trations were placed near each other on the page (or when corresponding on-screen text and
animation segments were placed near each other on the screen) than when they were placed
far away from each other” (Mayer, 2009, p. 135). A similar effect was reported for the temporal
contiguity principle (d = 1.31), that is, “when corresponding portions of animation and narra-
tion were presented simultaneously rather than successively” (Mayer, 2009, p. 153). Notably,
these meta analytic results are based on rather “simple” learning materials: the combination of
text/narration with illustration/animation. Ginns (2006) conducted a meta-analysis on the spa-
tial and temporal contiguity principle, too, and identified the complexity of the learning mate-
rials as a moderator. That is, for more complex materials, increasing the spatial and temporal
contiguity may be even more effective. These meta-analytic results provide initial additional evi-
dence for why a simultaneous presentation of representations such as manipulatives, diagrams,
and graphs in more “complex” learning materials may be more beneficial than following a con-
creteness fading sequence. Especially in physics instruction, where experimental observations
are a key ingredient of instruction (Börlin, 2012), essential information is often distributed
across MERs. More idealized external representations such as visual-graphical models or math-
ematical formalisms are typically presented before or after experimentation. This form of
sequencing creates spatial and temporal discontiguity (Schroeder & Cenkci, 2018), as the exter-
nal representations cannot be directly compared to or contrasted with the observations nor do
they adapt dynamically to changes in the experimental manipulations. When essential informa-
tion is distributed across external representations, learners need to establish links between
MERs to derive an integrated understanding (Ainsworth, 1999; Mayer, 2014). Put differently,
prompting students to make connections across MERs is crucial, and simultaneous presentation
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has been suggested to support students in recognizing such connections (Goldwater &
Gentner, 2015; Johnson & Mayer, 2012; Mason et al., 2013; Son et al., 2011).

Thus, while proponents of the concreteness fading approach explicitly hypothesize that
sequential presentation is more beneficial than presenting several representations simulta-
neously (Fyfe & Nathan, 2019, Hypothesis 5, p. 413), research on the spatial and temporal conti-
guity principle and on learning with MERs in science education suggests that simultaneous
presentation may have advantages (e.g., Alfieri et al., 2013; Goldwater & Schalk, 2016). Given
this conflicting evidence, it seems likely that these two approaches may have specific benefits
(and detriments) that could also cancel each other out.

In the present study, we compared concreteness fading to simultaneous presentation of
MERs with a fine-grained assessment to identify possible specific benefits of either of the two
approaches. Students learned about an advanced content in high school physics, namely, Fara-
day's law. The law is at the core of electromagnetic induction, which is considered an important
but challenging topic (Bagno & Eylon, 1997). Faraday's law is especially demanding because of
the abstract nature of the involved concepts of magnetic field and magnetic flux and their diffi-
cult relational structure. Based on the argumentation of its proponents, concreteness fading
seems to be an apt approach to learn Faraday's law because concrete hands-on experiments
involving familiar manipulatives (e.g., bar magnets and coils) may facilitate students' access to
this content. However, starting with experiments has also long been criticized in physics educa-
tion since students often miss the relevant features of the experiments (Chi & VanLehn, 2012;
Driver, 1983; Hodson, 1993). In the present case of learning about Faraday's law, a possible
solution for focusing students on the relevant features is to support them in relating the hands-
on experiments to more idealized representations such as magnetic field line diagrams. Hence,
presenting multiple representations simultaneously might be beneficial. Before going into the
details of the present study, we review why and how MERs have been used in science education
and provide more detail on stepwise sequencing as well as simultaneously presenting MERs.

2 | MULTIPLE EXTERNAL REPRESENTATIONS IN
SCIENCE EDUCATION

An external representation denotes purposefully constructed objects that stand for a concept
(cf. Zhang, 1997). As educators introduce new content (e.g., a law) to students in science educa-
tion, they routinely make use of MERs. For example, electromagnetic induction may be demon-
strated by moving a bar magnet near a coil, which is connected to a voltmeter to indicate
whether a voltage is induced (and, hence, electromagnetic induction has occurred). The experi-
ment may be followed by a diagrammatic or pictorial representation of the experimental setup
accompanied by corresponding magnetic field lines. Moreover, the symbolic mathematical rep-
resentation of Faraday's law must also be introduced. Using these MERs serves various aims
and reasons. One reason is the nature of physics itself: an important goal of physics education
is to be able to understand highly idealized representations, which can subsequently be applied
to various concrete instantiations of a concept (Kokkonen & Schalk, 2021; Opfermann
et al., 2017).

Another reason for introducing MERs is that their combination can benefit the learning and
understanding of new contents. In the above example, each of the representations may high-
light a different aspect of the target, Faraday's law, or allow for different reasoning so that none
of them alone is sufficient. The concrete, hands-on experiment helps students understand the
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phenomenological context in which Faraday's law applies (Girwidz et al., 2021). The mathemat-
ical symbolism allows for precise reasoning about the dynamics of the experiment–for example,
predicting the magnitude of the induced voltage as a function of time. Moreover, mathematical
symbolism, as the most idealized representation, can support knowledge transfer to novel con-
texts if understood correctly. Diagrammatical or pictorial representations such as the field line
representation may serve as an important link between the experiment and mathematical sym-
bolism (Küchemann et al., 2021). They may also allow for qualitative reasoning regarding the
dynamics of the situation. Thus, seeing Faraday's law represented differently and having to
work out the connections, similarities, and differences between the representations may sup-
port students in developing deep and transferable understanding.

In the design, function, tasks (DeFT) framework, Ainsworth (2006) identified several factors
that affect how presenting MERs influences learning and understanding of a target concept.
Among the factors are design principles such as the number, type, and sequences of MERs, the
functions that MERs play (e.g., mutually constraining interpretation, providing complementary
information), and the cognitive tasks involved in learning with MERs. Deciding how to
sequence MERs or whether to present them simultaneously is often accompanied by conceptu-
alizing the representations. For example, according to Ainsworth (2006), representations can be
categorized based on their type (e.g., histogram, table, equation, picture, etc.), modality
(e.g., text-based or graphical), or specificity (e.g., domain-general vs. domain-specific). One con-
ceptualization that has garnered interest during recent years is the level of concreteness of
MERs (e.g., Belenky & Schalk, 2014; Fyfe & Nathan, 2019). Fyfe and Nathan (2019) argue that
all external representations are concrete in that they are necessarily depicted “in this physical
world” (p. 407)—even mathematical symbolism like, for example, equations become concrete
by writing them on a piece of paper. However, some representations are less concrete, or put
differently, more idealized than others. Accordingly, hands-on materials such as the tools used
in an experiment would be considered less idealized (or more concrete) and equations more ide-
alized (or less concrete). While hands-on materials have the benefit of being physically manipu-
lable, they also contain irrelevant information such as color or additional functionalities. Thus,
learners face the challenge of understanding what is relevant and what is irrelevant. In contrast,
highly idealized representations such as mathematical symbolisms precisely inform students
about what aspects are relevant (i.e., exactly those variables represented by the symbolism).
Thus, a more idealized external representation makes the to-be-learned information more
salient.

However, students often struggle to grasp the generality of highly idealized representations
such as mathematical symbolisms and how such representations map to their targets, that is, to
the “concrete” phenomena. Science education faces this dual challenge: learners need to know
how different representations highlight different aspects of a concept, and they also need to
understand the concept itself and how to use it in novel contexts, that is, to transfer their
knowledge.

2.1 | Sequences of representations

The previous section highlighted that every representation offers its own advantages. Conse-
quently, sequences of MERs can be developed based on these particular advantages. The con-
creteness fading approach suggests that learning should begin with less idealized (i.e., more
concrete) external representations such as manipulatives or hands-on experiments. These
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representations are supposed to embed the target concept in a grounded and familiar context,
which can trigger learners' prior knowledge or support their reasoning (Cobb et al., 1992;
Donovan & Fyfe, 2022; Martin & Schwartz, 2005). Subsequently, learning should proceed to
more idealized representations. Concreteness fading aligns with various other approaches, such
as the Concrete-Representational-Abstract (CRA, e.g., Bouck et al., 2017) approach. There are,
however, different ways of implementing concreteness fading. They vary, for instance, in the
number (e.g., two vs. three) or in the types of representations used. While some advocate the
use of physical manipulatives in the first step (followed by pictorial representations, for exam-
ple), others implement virtual or pictorial representations of varying concreteness in each step.

Fyfe and Nathan (2019, p. 411) were the first to provide a rigorous definition of concreteness
fading as the “three-step progression by which a concrete representation of a concept is explic-
itly faded into a generic, idealized representation of that same concept.” To foreshadow, our
implementation of concreteness fading for learning about Faraday's law will follow this defini-
tion. Fyfe and Nathan (2019) further argued that concreteness fading is a general framework
for teaching concepts across disciplines. From reviewing the literature, they derived several
hypotheses regarding the effectiveness of concreteness fading. For instance, they hypothesized
that concreteness fading is more effective than the reversed sequence (concreteness introduc-
tion), in which more idealized external representations are followed by more concrete ones
(Fyfe & Nathan, 2019, pp. 414–415). This hypothesis has received some encouraging support,
mostly from mathematics education (e.g., Ching & Wu, 2019; Fyfe et al., 2015; Ottmar &
Landy, 2016).

However, in physics education, the empirical evidence for concreteness fading is equivocal.
In a study closely following Fyfe and Nathan's (2019) definition of concreteness fading, high
school students learned about Faraday's law with three external representations differing in
concreteness: physical manipulatives (bar magnets and coils) used in hands-on experiments,
field line representations, and mathematical symbolism (Kokkonen et al., 2022). The students
learned either in a three-step concreteness fading or concreteness introduction sequence. The
results indicate equal effectiveness of both sequences for conceptual understanding. Johnson
et al. (2014) even found evidence for the superiority of concreteness introduction when they
examined learning of DC circuit problems with circuit diagrams embedded in realistic pictorial
illustrations (referred to as “concrete” by the authors) and conventional circuit diagrams with
no contextualized illustration (referred to as “abstract” by the authors); specifically, sequencing
the representations from abstract to concrete produced better performance in the transfer tests
than concrete-to-abstract, concrete-only or abstract-only conditions.

The seemingly discordant evidence between mathematics and physics may be due to the dif-
ferent nature of the domains and the complexity of the target knowledge (Kokkonen &
Schalk, 2021). Moreover, repeated critique against hands-on practical work as a starting point
(i.e., as the first representation) has been expressed in science education research because stu-
dents often do not observe the aspects that the teacher wanted to exemplify: the students tend
to “see what they expect to see” (Driver, 1983, p. 2; see also Chi & VanLehn, 2012;
Gunstone, 1991; Hodson, 1993). Thus, concrete representations may become relevant only after
the learner has some knowledge of the concept that the concrete representation instantiates,
especially if the target knowledge comprises complex relational structures (Kokkonen &
Schalk, 2021).

Furthermore, the way in which more and less idealized representations relate to each other
in mathematics and physics may differ. In mathematics, the more concrete representations are
mainly used to make the more idealized representations understandable. A teacher is quite free
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to construct more concrete representations and make them closely analogous to the more
idealized representation (e.g., use 5 apples or 5 oranges to represent a set of 5). Conversely, in
physics, a teacher has less freedom in constructing the more concrete instantiations
(e.g., hands-on-experiments) to represent the more idealized laws, and the different representa-
tions may be less analogous than in mathematics (for a detailed discussion, see Kokkonen &
Schalk, 2021). For example, pictures with field-like diagrams of electromagnetic experiments do
not only shed irrelevant details (as the more idealized representations in mathematics do) but
also introduce relevant conceptual information (i.e., the field lines).

2.2 | Simultaneous presentation of MERs

In physics education, a major focus is typically on understanding the generality of a concept
that is often best represented by mathematical formalism. However, as we already pointed out,
students often have difficulties relating such formalism to concrete phenomena. A simultaneous
presentation of the formalism with other less idealized representations may help students
understand what the formalism stands for. An explanation for this benefit is that simultaneous
presentation creates spatial and temporal contiguity (Ginns, 2006; Mayer, 2009; Mayer &
Fiorella, 2014) and prompts processes of comparing and contrasting, a specific form of analogi-
cal learning (e.g., Gentner, 2010). There exists a vast body of empirical studies whose results
empirically support simultaneous over sequential presentation (Alfieri et al., 2013). Crucially
for the present study, simultaneous presentation can support learning of relational, law-like
schemata underlying scientific knowledge by triggering processes of structural alignment
(Gentner, 2010; Goldwater et al., 2011; Goldwater & Schalk, 2016). The processes of structural
alignment according to Gentner (2010) are schema abstraction, difference detection, re-
representation, and inference projection. These processes fit the proposed beneficial functions
of MERs suggested by Ainsworth (2008) well: MERs can play complementary roles (difference
detection, inference projection), constrain the interpretation of each other (difference detection,
re-representation, inference projection), and help construct a deeper understanding (schema
abstraction, re-representation); for details, see Kokkonen and Schalk (2021). Moreover, via the
processes of structural alignment, students might not only learn about the physical concept but
also improve their ability to interpret, generate, and switch between representations
(e.g., Kohl & Finkelstein, 2005; Kozma & Russell, 2005).

There is also empirical support for the benefits of simultaneous over sequential presentation
of MERs in the context of physics education (Gadgil & Nokes, 2009; Kurtz et al., 2001;
Mason, 2004). In these studies, the examples were typically in similar representational format.
For example, Kurtz and colleagues (2001; see also Mason, 2004) presented line drawings rep-
resenting different concrete phenomena of heat transfer either sequentially or simultaneously.
However, in physics education, students are often asked to learn from and with different repre-
sentational formats. For instance, in the context of kinematics, an object's motion (displace-
ment, velocity, and/or acceleration) has to be graphically represented. Students typically have
difficulties in interpreting graphs and/or in translating between a concrete hands-on experi-
ment and a more idealized graphical representation (McDermott et al., 1987). Seeing a graph of
an object's motion unfold simultaneously with the perceived real motion of the object instead
of viewing them sequentially has been shown to support students graphing skills and concep-
tual understanding of the related concepts of velocity and acceleration (Becker et al., 2020;
Beichner, 1996; Brasell, 1987; Thornton & Sokoloff, 1990). For example, Becker et al. (2020)
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found that a video analysis approach to teaching kinematics concepts, which was designed
accordingly, was more beneficial than traditional lab work where simultaneous graphing was
not available. However, earlier studies directly comparing simultaneous graphing to delayed
viewing of the graphs showed no statistically significant benefits regarding students' graphing
skills (Beichner, 1990; Brungardt & Zollmann, 1995). Thus, similar to the evidence for concrete-
ness fading in physics, the empirical support for simultaneous presentation (compared to
sequential presentation) is also equivocal.

To summarize the previous two sections, the research on simultaneous presentation of
MERs and on concreteness fading (i.e., the sequential presentation of MERs) do not fit together
well. While the research on the benefits of simultaneous presentation typically pits the perfor-
mance of learners in a simultaneous condition against the performance in a sequential condi-
tion, Fyfe and Nathan (2019) hypothesized that a concreteness fading sequence should work
better than presenting the representations all at once (p. 417). However, Fyfe and Nathan
(2019) also argued that concreteness fading should support thinking of the “representations as
one and the same, each an instantiation of a common invariant set of relations” (p. 417),
thereby supporting learning the meaning of the most idealized representations. This aim is sim-
ilar to the proposed processes in analogical learning, where learners are confronted with several
representations simultaneously to help them construct a general schema that aligns the repre-
sentations. Thus, either sequential presentation in the form of concreteness fading or simulta-
neous presentation in the vein of analogical learning are suggested to be superior, depending
on the respective research literature.

3 | THE PRESENT STUDY

We took up the conflicting predictions from concreteness fading research and research on the
simultaneous presentation of MERs. Specifically, based on the hypothesis presented by Fyfe
and Nathan (2019, Hypothesis 5, p. 417), we examined whether concreteness fading is more
beneficial than the simultaneous presentation of MERs. We tested this hypothesis in an experi-
mental classroom study situated in upper secondary school physics education. Students learned
about Faraday's law with three representations: manipulatives in a hands-on experiment, iconic
field lines, and mathematical graphs together with a formula. These three representations are
complementary; that is, they all represent the same content—Faraday's law—but differ in the
supported processes (i.e., hands-on experimentation supports enactment, field lines highlight
dynamic relationships, and formulas support effective computation). To simplify our subse-
quent methodological description of the study and stick to the terminology used in previous
research on concreteness fading (e.g., Fyfe & Nathan, 2019; Kokkonen et al., 2022), we refer to
these three representations as concrete, intermediate, and idealized, respectively. One condition
implemented the three-step concreteness fading sequence. In the other condition, the three rep-
resentations were presented simultaneously. Before receiving the intervention on Faraday's law,
the students underwent a self-learning sequence on the concept of magnetic flux to ensure that
students had the relevant prior knowledge for learning about Faraday's law.

To assess learning, we adapted and applied two detailed multiple-choice assessments devel-
oped by Kokkonen et al. (2022) as pre- and posttests. We enriched the posttest with two open
questions that involved a transfer task to gain further insight into students' thinking. To better
understand the underlying learning processes, we explored how students made use of the multi-
ple representations in both conditions. For this purpose, we (1) investigated students' ability to
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translate between representations with dedicated tasks, (2) included a specific prompt asking
students to explain Faraday's law in their own words to determine how many and which repre-
sentations students spontaneously used, and (3) explicitly asked students about the usefulness
of the different representations in solving the transfer task mentioned above.

The topic of electromagnetic induction, and Faraday's law in particular, is challenging for
students. Faraday's law governs the generation of an electromotive force (i.e., a voltage) in an
electric circuit due to a changing magnetic flux through the circuit. At the upper secondary
school level, magnetic flux through a surface is usually formally defined as the strength of the
magnetic field times the area of that surface perpendicular to the field. When using the mag-
netic field line representation, it can also be conceptualized as the number of field lines through
the surface. Faraday's law is typically experimentally demonstrated by placing a coil (which
constitutes the electric circuit) in a magnetic field and changing either the orientation of the
coil or the magnetic field, which generates a voltage in the coil due to changing magnetic flux
through the surface of the coil. In this hands-on experiment, Faraday's law implies that the volt-
age is equal to the negative of the rate of change of the magnetic flux through the coil. This is
equivalent to the voltage being the negative time derivative of the magnetic flux as a function of
time. Written as an equation, this reads: U = � Φ'(t), with U denoting the voltage, Φ the mag-
netic flux, and t the time.

The difficulty of learning Faraday's law is partly associated with its relational complexity: it
requires understanding the quantity voltage as the rate of change of the quantity magnetic flux,
which itself is related to the magnetic field strength and surface area. Students often struggle to
correctly relate the quantities (Jelicic et al., 2017). For example, they think that the voltage is
related to the magnetic flux instead of the rate of change of the magnetic flux, or they confuse
magnetic effects with electric effects (Bagno & Eylon, 1997; Jelicic et al., 2017; Maloney
et al., 2001). Another difficulty is related to recognizing when and how Faraday's law should be
applied in concrete contexts (e.g., experimental setups). For instance, students may think that
movement of the magnetic field or the circuit/coil is necessary to generate voltage, thereby mis-
taking “change” as change in position or orientation instead of the change in the magnetic flux
and failing to apply the concept of magnetic flux altogether (Jelicic et al., 2017; Maloney
et al., 2001). The relational complexity of this content and the challenges in learning and under-
standing the respective concepts make it a well-suited domain to compare learning via a con-
creteness fading sequence vs. learning by simultaneous presentation.

4 | METHODS

4.1 | Participants

To plan the sample size, we took the previous concreteness fading studies as starting points.
Fyfe et al. (2015) and McNeil and Fyfe (2012) reported effect sizes of d = 0.76 and d = 0.83,
respectively, for comparing concreteness fading against other approaches (e.g., concreteness
introduction, in which the concreteness fading sequence is reversed) in an immediate posttest
but not against simultaneous presentation. We performed a power analysis with the software
G*Power (version 3.1.9.6; Faul et al., 2009) for an analysis of covariance (ANCOVA) design with
one covariate, alpha = 0.05 and power of 0.9. Because of the contradictory evidence regarding
our conditions, we chose a more conservative effect size estimate of d = 0.50 (corresponding to
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f = 0.25). The analysis yielded a minimum total sample size of 108 (assuming R2 = 0.35 for the
covariate).

We recruited 11th grade students (mean age M = 17.8 years, SD = 0.7 years) from 12 school
classes (six different teachers) in three upper secondary schools in the German-speaking part of
Switzerland. In the analytic sample, we included only students who completed all tasks and
tests, gave consent to the use of their data in the present study, and indicated on a validation
question that their data were trustworthy. Due to a very small attrition rate, we obtained a sam-
ple size of N = 187, which was more than adequate for detecting an effect as specified in the
power analysis.

All students were given anonymized codes for study participation. They were ranked
according to their most recent physics grades by their teachers in advance and then pairwise
randomly split between conditions by the study investigators. Thus, the assignment was ran-
dom but balanced regarding previous performance in physics to ensure a fair comparison
between conditions. The group sizes for the concreteness fading (CF) condition and the simulta-
neous presentation (SIM) condition were N = 98 (63% female) and N = 89 (54% female), respec-
tively. Unequal group sizes are due to the exclusion of students who did not fulfill the criteria
mentioned above.

4.2 | Study design and procedure

We implemented an experimental within-classroom between-subjects design with condition
(CF or SIM) as the independent variable, the pretest score as the covariate, and the posttest
score as the dependent variable. The whole study took place during the three normal weekly
physics lessons at the participants' schools, which were divided into a single lesson (45 min)
and a double lesson (90 min). The study comprised four phases: pre-instruction (in the single
lesson), pretest, learning phase (also referred to as intervention), and posttest (all in the double
lesson). The study was coordinated with the curriculum of all participating classes. Physics les-
sons prior to the study covered basic knowledge on magnetism. However, magnetic flux and
magnetic induction were not taught before the intervention. Figure 1 shows the procedure of
the study for both conditions.

In the pre-instruction, the students learned about magnetic flux to ensure that all students
had the relevant prior knowledge to learn about Faraday's law. To minimize the influence of
the teacher, we prepared self-learning materials. This material was identical for both conditions.
Teachers were advised not to intervene. They only attended to the students in administrative
matters (e.g., preventing student interactions, distributing and collecting materials). Pre-
instruction occurred in the regular single physics lesson prior to the intervention, which was
between 0 and 3 days before the intervention (depending on the schools' timetables).

To control for the varying time span, the pretest was administered immediately before the
intervention at the beginning of the double lesson in all courses. The pretest assessed knowl-
edge of magnetic flux and necessary prior mathematics knowledge. During the intervention,
participants learned about Faraday's law using materials designed for a single-lesson period (for
details, see Materials). Students from both conditions worked in the same classroom. To prevent
cross-condition contamination and student interactions, they were spread out so that they could
not talk or see each other's answers. During the entire intervention, students worked individu-
ally without help from other students, teachers, or study administrators. Directly after the inter-
vention, students completed the posttest. Both pre- and posttests were administered via an
online survey tool. Students were allowed to go back and forth in all online tests.
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5 | MATERIALS

5.1 | Pre-instruction

The pre-instruction phase was designed with the goal of students acquiring the necessary prior
knowledge to learn Faraday's law. Students were given a self-learning booklet that introduced
the concept of magnetic flux using three representations: pictures of a real magnet and coil
(concrete), magnetic field line diagrams (intermediate), and a formula (idealized). While stu-
dents were already familiar with the types of representations used in the booklet, the concept of
magnetic flux was new to them.

Magnetic flux was first described and illustrated using the concrete and intermediate repre-
sentations simultaneously: a picture of a magnet with a conductor loop (“magnetic flux as the
amount of magnetic field through the surface of the conductor loop”) was placed next to an
illustration with magnetic field lines (“magnetic field as the number of field lines through the
surface”). Afterward, students elaborated on the dependence of magnetic flux on the strength of
the magnetic field, on the area of the loop, and on the position of the loop relative to the mag-
netic field direction using field line diagrams. Eventually, the formula for the magnetic flux was
introduced. Finally, the students solved three tasks (one per representation) with prepared solu-
tions to obtain feedback on their understanding of magnetic flux. We used this approach
because, first, in our opinion it did not favor one of our conditions in the intervention. The first
two representations were introduced simultaneously to support students linking the experimen-
tal components and the field line diagrams (closer to the SIM condition). The most idealized
representation was presented last (closer to the CF condition), after students had elaborated the
relation of the magnetic flux to the surface and magnetic field qualitatively using the intermedi-
ate representation. Second, this approach with a strong focus on the intermediate representa-
tion is also suggested in the physics education literature (e.g., Erfmann & Berger, 2015).

5.2 | Pretest

The pretest consisted of 25 multiple-choice items, each with one correct answer and four dis-
tractors. Correct answers were awarded 1 point, and incorrect responses were awarded 0 points.
Six questions asked about the derivatives of linear and sinusoidal functions. They were taken

Pre-Instruc�on

Interven�on
Concreteness

Fading

Pretest Pos�est
Interven�on
Simultaneous 
Presenta�on

Single Lesson
45 min

Double Lesson
90 min

Break
0-3 days

FIGURE 1 Study procedure. All students received a pre-instruction on magnetic flux in a single lesson. In

the subsequent double lesson 0–3 days later, students first solved a pretest. For the intervention about Faraday's

law, students were randomly assigned to the two conditions (concreteness fading or simultaneous presentation)

within classrooms. After completing the intervention, they solved a posttest.
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and slightly adapted from Planinic et al. (2013). Understanding the derivative of a function is a
mathematical prerequisite to learn Faraday's law because of the corresponding relation between
voltage and magnetic flux. In addition, we included an item from the Representational Compe-
tence of Fields Inventory (Küchemann et al., 2021) to check students' understanding of the field
line representation. Furthermore, the test comprised 18 questions on magnetic flux to control
for the effect of the pre-instruction phase. Twelve items made use of only one representation
(concrete, intermediate, idealized; four per representation), whereas three items included quan-
titative calculations (one per representation). Six items required translation between two repre-
sentations (e.g., from concrete in the question to intermediate in the selection of answers; one
per combination of representations). These items could also be solved without a deep under-
standing of magnetic flux but by identifying similar situations in the various representations.
Eleven questions were taken from Kokkonen et al. (2022) and complemented with seven newly
developed items. Table 1 gives an overview of the pretest structure. Items 1–15 were presented
in individually randomized order to the students. Items 16–18, which required quantitative cal-
culations, were presented in fixed order at the end of the test. An English translation of the
18 multiple-choice items is available as Supporting Information accompanying the online
article.

To assess the psychometric properties of the pretest, we calculated the item difficulties
(mean value M = 0.82), the item discrimination indices (M = 0.32), and the point biserial corre-
lations (M = 0.36) according to Ding and Beichner (2009), which are in the desired range. The
relatively low mean values of the item discrimination indices and point biserial correlations
mainly result from the items with high solution rates. Items that are solved correctly by nearly
all participants do not discriminate well nor do they highly correlate with other items. To esti-
mate the internal consistency of the pretest, we calculated McDonald's omega for the present
sample, ω = 0.75, indicating acceptable consistency. Based on these analyses, we regard the pre-
test as a reliable and valid instrument to assess students' knowledge prerequisites for the
intervention.

We refrained from including items on Faraday's law in the pretest. The students did not
learn about Faraday's law in physics at school, and according to Bagno and Eylon (1997), they
lack everyday experiences with this topic. We therefore assumed that students had no signifi-
cant prior knowledge of Faraday's law, and that their knowledge development could thus be
largely attributed to the intervention. Furthermore, including items on Faraday's law could
have negative effects on the intervention. First, students would have been exposed to all repre-
sentations regarding Faraday's law. This initial introduction to all representations would have
confounded the learning phase, especially in the concreteness fading condition. Second, we did
not want to target student's learning to specific facets of problems they would only later investi-
gate in the intervention. Third, we assumed that exposing students to a large set of items they

TABLE 1 The 18 magnetic flux items in the pretest categorized based on the representation(s) used.

Single Translation

Concrete 1 2 3 16C 10o 11X 12o 13X

Intermediate 4 5 6 17C 10X 11o 14o 15X

Idealized 7 8 9 18C 12X 13o 14X 15o

Note: Items marked with a superscript C include quantitative calculations. Items requiring translation between representations

are denoted either with superscript o (origin representation in question) or x (target representation in the selection of answers).
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are not able to solve could lead to frustration and cause a negative attitude toward the learning
phase. Moreover, the items of the pre- and posttest cover similar situations but ask about differ-
ent physical quantities (magnetic flux and induced voltage, respectively). Without knowledge
about the induced voltage, items on Faraday's law could even trigger a confusion of magnetic
flux and induced voltage and thus increase the learning difficulty to correctly relate the two
quantities (Jelicic et al., 2017).

5.3 | Learning phase

In the intervention, we also provided a self-learning booklet designed for the purposes of the
present study. The booklet covered Faraday's law using three representations with varying
degree of idealization, that is, ranging from concrete (hands-on experiments) through interme-
diate (field line diagrams) to idealized (graphs depicting magnetic flux combined with a for-
mula). There were four tasks for each representation (total: 12 tasks), depicting the following
four situations: (1) a magnet resting next to the coil, (2) a magnet moving backward and for-
ward toward the front of the coil, (3) a magnet moving backward and forward toward the side
of the coil, and (4) the coil spinning around next to the magnet. In every task, participants had
to investigate or deduce whether a voltage was induced in the coil. The four situations were
designed to support a deeper understanding of Faraday's law by focusing on its important fea-
tures. For example, by contrasting (1) and (2), one can see that the induced voltage is not
related to the magnetic flux but to the rate of change of the magnetic flux. Furthermore, (2) and
(3) show that the relative movement of the magnet and coil alone is not sufficient for an
induced voltage; it depends on the relative position of both objects. Finally, linear and rota-
tional movements can be contrasted by (2) and (4). An overview of all tasks is presented in
Figure 2.

In the CF condition, learners first received the four tasks dealing with the concrete represen-
tation and proceeded stepwise to tasks with the intermediate and the idealized representations
(see Figure 2). Within each step, the tasks were preceded by a short introductory text that
explained how Faraday's law is illustrated by the specific representation. In the concrete repre-
sentation step, the four tasks were framed as predict-observe-explain experiments (White &
Gunstone, 1992), a well-established effective and motivating way to design experiments in sci-
ence education (Hong et al., 2021; Özcan & Uyanık, 2022; Rivera Gavidia & Marrero
Galv�an, 2023). Students were first given an explanation of the task and asked whether there
would be a voltage induced (predict). Then, they had to conduct the experiment (observe) with
a bar magnet and a coil that was connected to a voltmeter, write down the observation and
finally explain it. Figure 3 shows an excerpt of the learning materials in the CF condition that
covers the four situations in the concrete step. In the intermediate step, four tasks similar to the
concrete tasks were described but were represented by field line diagrams. Students were explic-
itly told that the described situations were similar to the ones they investigated with the experi-
ments (as suggested by proponents of the concreteness fading approach, see e.g., Fyfe &
Nathan, 2019). Again, students had to state and explain for every situation whether a voltage
was induced. Finally, in the idealized phase, students were presented four graphs depicting the
flux through a coil as a function of time. Again, the materials stated that the four tasks were
similar to the ones in the other representations. Students had to draw the four corresponding
graphs to depict the induced voltage as a function of time as well as to calculate the voltages
quantitatively.
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In the SIM condition, Faraday's law was introduced by presenting all three representations
(concrete, intermediate, idealized) simultaneously creating spatial and temporal contiguity.
Afterward, the students worked on the three tasks depicting the first situation in all three repre-
sentations (see Figure 2). As in the CF condition, a text described that the tasks showed a simi-
lar situation. The students conducted the first experiment in the predict-observe-explain
manner, explained the situation in the intermediate representation, drew the graphs and exe-
cuted the calculations in the idealized representation. This set of tasks was followed by the sec-
ond set of tasks referring to the second situation and so forth. Figure 4 provides an excerpt of
the learning materials in the SIM condition. It exemplarily shows the tasks that relate to the
second situation (i.e., tasks 2, 6, and 10 in Figure 2). Note the spatial and temporal proximity of
the three different representations in the excerpt from the SIM learning materials (Figure 4) in
contrast to the excerpt from the CF learning materials (Figure 3), where four different situations
in the same representation are presented side by side.

All representations were identical in both conditions, only the order differed. At the end of
the booklet, all students were given very brief solutions (without explanations) to the four sets
of tasks in text form (without using any of the representations of the learning materials). As a
final task in both conditions, students responded to the following prompt: “You have studied
four tasks in different representations [German word used in the materials: Darstellungen].
Please summarize: How can you determine whether there is a voltage induced?” These
prompted self-explanations on Faraday's law served to, first, support students' active and con-
structive processing (Chi et al., 1994; Chi & Wylie, 2014) and, second, to explore which
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FIGURE 2 Overview of all the situations, representations, and tasks used in the learning phase. In the

concreteness fading condition, students encountered the 12 tasks grouped by the type of representation. They

started with tasks 1–4 presented in the concrete representation, followed by tasks 5–8 in the intermediate

representation, and concluded with the 9–12 tasks in the idealized representation. Conversely, in the

simultaneous presentation condition, tasks were grouped by the situation. That is, students first worked on tasks

1, 5, and 9, which all related to the first situation. This pattern continued with the next group of tasks (2, 6, 10)

associated with the second situation, and so on.
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representations students used in their explanations so that we could gain deeper insights into
their learning process.

5.4 | Posttest

The posttest consisted of a first part with multiple-choice items and a second part with open
questions. For the first part, we used and adapted a test developed by Kokkonen et al. (2022) to
assess the learning of Faraday's law. All multiple-choice items had one correct answer and four
distractors. Correct answers were awarded 1 point, and false responses were awarded 0 points.
The multiple-choice part of the posttest comprised 16 items that assessed the understanding of
Faraday's law. In addition, this part included the six items from the pretest about magnetic flux
that required translation between representations. Regarding the multiple-choice items on Far-
aday's law, the posttest structure was identical to that of the pretest (see Table 1) with one
exception: a meaningful task on Faraday's law involving the translation between the concrete
and intermediate representation could not be realized (i.e., items 10 and 11 in Table 1). While
concrete and intermediate representation can provide information about whether voltage is
induced in a depicted situation, the translation between these representations can be realized

FIGURE 3 Excerpt from the concreteness fading learning materials. The double-page excerpt shows the

combination of tasks and situations as they were presented in the first step (i.e., concrete representation) of the

concreteness fading learning materials (see also Figure 1). In the second (intermediate representation) and third

step (idealized representation), analogous combinations (4 tasks, 4 situations) were presented. The excerpt is a

translated version of the learning materials that were originally in German.
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only by comparing superficial features of the illustrations and therefore without understanding
the content. Hence, the 16 items on Faraday's law comprised nine items that were presented in
one representation (three per representation: concrete, intermediate, and idealized), three items
that made use of one representation and included a quantitative calculation, and four items that
required translation from one representation to another. As in the pretest, the items were pres-
ented in individual random order. Again, the three items that included quantitative calculations
were placed at the end of the multiple-choice part of the test. The students were allowed to go
back and forth in the test. An English translation of the multiple-choice posttest items is avail-
able as Supporting Information accompanying the online article.

To evaluate the psychometric properties of the multiple-choice items on Faraday's law, we
calculated the item difficulties (mean value M = 0.55), the item discrimination indices
(M = 0.62) and the point biserial correlations (M = 0.51). In addition, we conducted a confir-
matory factor analysis to investigate the structural validity of the test. Both Velicer's (1976) min-
imum average partial test and Cattell's (1966) scree test suggested a single factor solution. A
one-factor model indicated a moderate fit between the model and the observed data. However,
Horn's (1965) parallel analysis indicated a three-factor model. Modeling three factors assigned
to the items with single representations, the items with quantitative calculations, and the items
with a translation between representations, respectively (see Table 1), we obtained slightly

FIGURE 4 Excerpt from the simultaneous presentation learning materials. The double-page excerpt shows

the combination of tasks and representations as they were presented with spatial and temporal contiguity in the

simultaneous presentation learning materials (here for situation 2; see also Figure 1). Analogous combinations

of tasks (i.e., combinations of different representations) were presented for situations 1, 3, and 4. The excerpt is a

translated version of the learning materials that were originally in German.
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better fit indices. Therefore, we also report students' subscores with respect to these three fac-
tors. Regarding the internal consistency of the posttest, McDonald's omega for the present sam-
ple was ω = 0.82, indicating sufficient consistency. Based on these analyses, the multiple-choice
part of the posttest can be considered a valid and reliable assessment instrument. The full
results of all item analyses are available as Supporting Information accompanying the online
article.

The second part of the posttest was designed to gain deeper insight into students' thinking
about Faraday's law and their use of representations. For practical reasons (posttest duration
and because the answers required content analysis), we applied these open questions to approx-
imately only half of the classes that participated in the study. We designed three open questions
that build upon each other. The first question reads, “A friend claims: A voltage is induced only
if either the magnet or the coil is moved. Without movement, there is no voltage. Please comment
on this statement.” As discussed before, there is evidence that many students hold the belief
(also referred to as misconception) that movement is necessary for induction (Jelicic
et al., 2017). Indeed, during the intervention, induction occurred only when students moved
either the magnet or the coil. Therefore, with this question, we wanted to determine whether
students were able to spontaneously think of new situations in which voltage is induced with-
out movement. The second task was as follows: “Electromagnets can be used to switch mag-
netic fields on and off. A coil is placed next to a resting electromagnet. Now the electromagnet
is switched on so that its magnetic field partly goes through the coil. Explain whether there is a
voltage induced in the coil.” This task constitutes an example of an induced voltage with all
components (electromagnet, coil) at rest. Therefore, with this item, we tested whether students
could transfer Faraday's law to a new situation, in which voltage is induced without movement
and whether there was evidence of the mentioned misconception. After these two items, which
focus on conceptual knowledge of Faraday's law, we asked students which representation they
regarded as useful to solve the previous question. On a five-point Likert scale, students rated
the usefulness of every representation, which we explicitly listed (“an experiment with the elec-
tromagnet and coil,” “the field line diagram of the magnetic field through the coil,” “the graph
of the magnetic flux in a diagram or the formula to describe Faraday's law”). Different represen-
tations may offer complementary information and connect differently to students' prior knowl-
edge (cf. Lampinen & McClelland, 2018). In the present study, students might accordingly find
different representations helpful depending on the condition (CF vs. SIM).

6 | IMPLEMENTATION FIDELITY

All teachers were assisted by the first author in conducting the study with their first class.
Teachers were, however, allowed to conduct the study themselves if they participated with
another class. Their role was restricted to administrative tasks. All students worked individually
with the learning materials. Teachers did not give additional instructions or assistance in carry-
ing out the experiments. There were no incidents reported in which students talked to each
other, supported or distracted their peers. The experimental equipment worked correctly for all
students, and no technical difficulties occurred. To ensure that students proceeded in the cor-
rect way (pre-instruction, pretest, learning phase, posttest), they were initially given an over-
view of the procedure. Pre- and posttests were available only during predefined time windows
so that students could not unintentionally access the wrong test. All teachers reported that
according to their observations, the students worked actively and seriously through the
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materials. Also, there were no student questions regarding the content of the materials or the
experimental procedure. To corroborate this impression, we analyzed the self-learning materials
of all 187 students. The students had to work on 12 tasks (four tasks in three representations),
which yielded 2244 instances. A vast majority of the students (89%) wrote down answers or
explanations for all 12 problems. We found only 37 instances (1.7%) spread over 20 students in
which no answer or explanation was given. However, this does not mean that they did not
think about the unanswered tasks. We did not rate the answers according to scientific correct-
ness but evaluated whether students engaged with the problems and experiments and wrote
down solutions and explanations. Hence, this gives us a good insight in students' engagement.
However, we cannot be sure that all tasks were understood correctly and all of the experiments
were carried out accurately by everyone.

Regarding the multiple-choice part of the posttest, we statistically evaluated the response
times of students. A series of very quick answers may indicate that a student clicked through
the test without seriously thinking about the questions (Lichtenberger et al., 2017). We counted
the number of items that were solved in less than 5 or 10 s for every student. We found only
seven participants who solved five or more items in less than 10 s. Of these students, only three
solved three to five items in less than 5 s. Two students were in the SIM, and one was in the CF
condition. We decided that these rare cases of fast answers could be neglected. We did not find
evidence for systematic cheating or skipping test items in the response times. Moreover, all stu-
dents confirmed that they took the tests seriously. Overall, we are confident that the study was
implemented in the planned way and that students' data are trustworthy.

7 | RESULTS

In what follows, we first present the data gained from the pretest. The subsequent presentation of
results from the posttest is divided into two sections. In the first section, we address the effect of
condition on learning (i.e., to test the hypothesis that the CF condition outperforms the SIM condi-
tion) by analyzing the 16 multiple-choice posttest items about Faraday's law and presenting the
answers to the first two open questions, which focused on the conceptual understanding of Fara-
day's law. In the second section, we present exploratory analyses based on data from the self-
learning materials and the posttest tasks that focus on students' use of the representations.

7.1 | Pretest results

Participants' pretest scores were skewed, so we performed a Mann–Whitney U test (see
Table 2), which did not reveal significant differences between the conditions regarding the total
score or the subscores for the magnetic flux, mathematics, and field line items (see Table 1 for
an explanation of these items).

7.2 | Effect of condition on learning Faraday's Law

The following two subsections present the comparison between the CF and SIM conditions
regarding students' posttest performance on the multiple-choice items and the open questions
on Faraday's law.
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7.2.1 | Multiple-choice items

To assess the effects of the intervention on learning, we conducted an ANCOVA with the sum
score of the 16 multiple-choice items as the dependent variable, condition (CF vs. SIM) as the
dependent variable and pretest sum score as the covariate. We confirmed that the assumptions
for the ANCOVA were met: the variables were linearly related with a homogeneous relation-
ship across conditions, and Levene's test indicated no significant differences of variances
(F = 0.719, p = 0.398). The results of the ANCOVA are presented in Table 3. The analysis did
not reveal a significant difference between conditions. We also found no significant differences
for the subscales consisting of the nine items with one representation, the three items that
included quantitative calculations, or the four items with translations between representations
(assumptions for the analyses of covariance were also met for the subscales, Levene's tests:
F = 3.341, p = 0.069; F = 0.059, p = 0.808; F = 0.00, p = 0.981). Apparently, the small nonsig-
nificant difference in the total score seems to result from the items with only one representation
involved, which were slightly better solved in the CF condition.

However, nonsignificant findings do not warrant the conclusion that there are no differ-
ences between conditions. To examine whether the posttest scores imply that the conditions
were equally effective, we conducted an equivalence test (Lakens et al., 2018) with d = 0.50 as
our smallest effect size of interest (SESOI). Consequently, if the 90% confidence interval of the
difference between the CF and SIM conditions lies fully in the equivalence interval with bounds
±d�SD (SD = pooled standard deviation), the two conditions are considered statistically equiva-
lent. In our sample, the pooled standard deviation (calculated from the standard error, see
Table 3) was SD = 3.02 in the posttest score, and the resulting equivalence interval was [�1.51;
1.51]. The 90% confidence interval for the adjusted mean difference listed in Table 3 lies entirely
in the specified range. Thus, the performance of both conditions in the posttest was equivalent
with respect to the SESOI of d = 0.5. Regarding the subscales, the equivalence interval bounds
were ±0.90, ±0.48, and ±0.66 for single representation, quantitative calculations, and transla-
tion items, respectively. Hence, the two conditions were equivalently effective regarding the
subscales as well. Note that the subscales including quantitative calculations and translations
only comprised three and four items, respectively. The equivalence interval bounds therefore
included about 1/3 of the whole scales.

TABLE 2 Means, standard deviations, medians, and results from the Mann–Whitney U test for the

pretest sum score as well as flux items, math items, and field line item subscores.

CF (N = 98) SIM (N = 89)

Pretest
Max.
Score M (SD) Md M (SD) Md W p

Rank-biserial
correlation [95% CI]

Total 25 20.76 (3.26) 21 20.47 (3.49) 21 4518 0.669 0.036 [�0.129; 0.200]

Flux items 18 15.22 (2.19) 16 15.08 (2.48) 15 4399 0.918 0.009 [�0.156; 0.173]

Math
items

6 4.62 (1.51) 5 4.45 (1.54) 5 4664 0.397 0.069 [�0.096; 0.231]

Field line
item

1 0.91 (0.29) 1 0.94 (0.23) 1 4205 0.358 �0.036 [�0.199; 0.130]

Abbreviations: CF, concreteness fading; SIM, simultaneous presentation.
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7.2.2 | Open questions

In two open questions, students had, first, to explain whether a statement on induction based on a
common misconception (“without movement, there is no voltage”) was true and, second, to analyze
a situation with nonmoving components (electromagnet and coil). Student answers were coded by
two researchers, one with a PhD in physics education and the other in theoretical physics, and
physics teacher qualifications. We followed the guidelines of O'Connor and Joffe (2020) for qualita-
tive research analysis. First, a coding frame with three categories (Miscon, Unclear, Correct) was
developed. Student answers that identified the statement as correct and confirmed that movement
is necessary for the induction of a voltage were categorized as “Miscon” (evidence for the
misconception). The category “Unclear” was used when students said the statement was incorrect
but gave a wrong or no explanation. Rejection of the statement together with a correct explanation
was assigned to “Correct.” The two researchers independently coded all answers accordingly.
Krippendorff's (1980) α for the intercoder reliability (and the percentages of agreement) regarding
the two student tasks were 0.98 (99%) and 0.89 (96%), respectively, indicating a very high level of
agreement. A consensus could be found in discussing the four instances of disagreement. Table 4
shows the frequencies of coded student answers to the two open questions. Most students (54% in
the CF condition, 60% in the SIM condition) agreed with the statement that movement was neces-
sary to induce a voltage in a coil. This statement might be regarded as correct when considering
only the experiments students conducted in the learning phase since all experiments with induced
voltages involved movement. However, it cannot be generalized because a voltage can also be
induced by a changing magnetic field without macroscopic movement of a component. Neverthe-
less, approximately 40% of the students in both conditions who stated that movement was necessary
for induction answered correctly when exposed to the new situation with a resting electromagnet
and coil. Overall, 80% of the students correctly answered this transfer question.

7.3 | Effect of condition on the use of representations

The following sections explore how students were able to translate between representations and
how they used and valued the usefulness of different representations.

TABLE 3 Adjusted means, standard errors, results from the analysis of covariance, effect sizes (partial eta

squared), and 90% CI for the adjusted mean difference as specification of the equivalence range.

CF
(N = 98)

SIM
(N = 89)

Multiple-
choice
posttest

Max.
Score

M (SE)
(adjusted)

M (SE)
(adjusted)

F
(1,184) p η2

90% CI for adj.
mean difference

Total 16 9.08 (0.31) 8.56 (0.32) 1.372 0.243 0.004 [�0.21; 1.25]

Single 9 5.49 (0.18) 5.11 (0.19) 2.146 0.145 0.007 [�0.05; 0.82]

Quant. Cal. 3 1.24 (0.10) 1.31 (0.10) 0.185 0.667 0.001 [�0.30; 0.17]

Translation 4 2.27 (0.13) 2.24 (0.14) 0.023 0.879 0.000 [�0.29; 0.35]

Note: The subscales refer to the sets of items that make use of one representation (Single), include quantitative calculations
(Quant. Cal.), or require a translation between representations (Translation).
Abbreviations: CF, concreteness fading; SIM, simultaneous presentation.
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7.3.1 | Translation of representations

To explore the effects of the intervention on students' ability to translate between representa-
tions, we analyzed the six multiple-choice translation items on magnetic flux (see Table 1) that
were applied both in the pre- and posttest. As mentioned before, these items were specifically
designed to test students' ability to translate between representations. We performed an
ANCOVA with the posttest sum score of the six translation items on magnetic flux as the
dependent variable, condition (CF vs. SIM) as the independent variable and pretest sum score
of the same items as the covariate. We again checked whether the assumptions for ANCOVA
were met. There was a violation of normality regarding the residuals of the variables. However,
ANCOVA is quite robust against such violations (Knief & Forstmeier, 2021), and as all other
assumptions were met, we carried out the analysis. We did not find a significant difference
between conditions, CF: M(adj.) = 4.56, SE = 0.12, SIM: M(adj.) = 4.66, SE = 0.13, F(1,184)
= 0.318, p = 0.573. The effect size between conditions was close to zero, d = �0.08, with a 95%
confidence interval [�0.37; 0.21]. The means of the gain in the sum scores between the pre-
and the posttest were M = �0.06 in the CF condition and M = 0.07 in the SIM condition,
respectively. Thus, students' ability to translate between representations regarding magnetic
flux did not change during the intervention; please note that this ability was not the focus of
the intervention.

7.3.2 | Spontaneous use of representations

At the end of the learning phase, students were prompted to explain Faraday's law. To explore
which representations they spontaneously used and to look for evidence of integrating repre-
sentations, their explanations were analyzed by means of content analysis (Krippendorff, 1980;
O'Connor & Joffe, 2020) as described above. We categorized students' answers with respect to
the representation they referred to in their answer. Answers were assigned to the concrete rep-
resentation when they included words referring to the hands-on experiments (e.g., “magnet,”
“voltmeter,” “movement”). The intermediate representation was characterized by the use of the
term “field lines.” We assigned answers to the idealized representation category when students
used symbols for physical quantities, formulas, mentioned graphs or terms such as “derivative”
to describe electromagnetic induction. Additionally, statements of a quantitative nature such as
“the induced voltage is proportional to the change of magnetic flux” were interpreted as indicat-
ing a reference to the idealized representation. A further category, “Generic,” encompasses
explanations that did not include representation-specific terms as described above and were
thus regarded as representation-independent statements (e.g., “Voltage is induced when the
magnetic flux changes.”) The category “Multiple Reps” comprises explanations that included
the use of more than one representation. Giving a generic statement in combination with the
use of a representation was assigned to the category of the respective representation, not to
“Multiple Reps” or “Generic.” Therefore, “Generic” also indicates the absence of the explicit
use of a representation. In some cases, the representations were explicitly linked in the explana-
tions. We listed these cases additionally in the category “Integration,” which was consequently
a subset of “Multiple Reps.” Finally, the correctness of the answers was rated in a dichotomous
way (correct or incorrect).

The coding of the student answers according to (1) the five main categories (Generic, Con-
crete, Intermediate, Idealized, or Multiple Reps), (2) the subcategory “Integration” and (3) their
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correctness was carried out independently by the same two researchers as in the coding
described above. Krippendorff's α for the intercoder reliability (and the percentages of agree-
ment) for the three categorizing tasks were 0.90 (93%), 0.72 (96%), 0.71 (89%) and indicated suf-
ficient to good levels of agreement. The slightly lower intercoder reliability regarding the
second task was due to the very few instances of integration. Thus, discrepancies in the coding
had a strong impact on the reliability. The definition of correctness was sharpened for a second
round of coding. Coders agreed upon the following: answers that contained one correct and one
clearly false argument were considered wrong; answers with one correct and one ambiguous
statement were categorized as correct; incomplete statements such as “you need magnetic flux
to have a voltage” were rated as wrong; and the few remaining unmatched cases in all three
coding tasks were finally discussed and categorized through agreement.

Table 5 shows the frequencies of student answers regarding the established categories sepa-
rately for the two conditions. The percentages indicate the total number of students in each
condition who gave a written answer to the question. In total, 28 students (CF: 15, SIM: 13) left
the answer field empty. To contrast the use of multiple representations with the use of single
representations, a category “Single Rep” is introduced, which simply summarizes the categories
“Concrete,” “Intermediate,” and “Idealized.”

Fisher's exact test indicated that the frequencies of the categories “Generic,” “Single Rep”
and “Multiple Reps” did not differ between the groups (p = 0.41). Generic answers were given
slightly more frequently in the CF condition, while students in the SIM condition more often
used single representations in their answers. However, within the single representation catego-
ries, there were significant differences. Idealized representations were more frequently used in
the CF condition (p < 0.001). In the SIM condition, the distribution over the representations
was quite balanced. Compared to the CF, the concrete representation was more often used in
the SIM condition (p = 0.002). While the groups had similar percentages of cases with multiple
representations, explicit links between representations were more prevalent in the SIM condi-
tion (8 out of 13 cases, 62%) than in the CF condition (5 out of 18 cases, 28%). However, these
differences were not significant (p = 0.08). In the CF condition, representations were mostly
listed without references between them. However, spontaneous integration of multiple

TABLE 5 Categorization (frequencies and percentages) of students' answers regarding the representation

they used in explaining Faraday's law.

Category of representations CF (N = 83) SIM (N = 76)

Generic 19 (23%) 13 (17%)

Single rep 46 (55%) 50 (66%)

Concrete 7 (8%) 23 (30%)

Intermediate 3 (4%) 12 (16%)

Idealized 36 (43%) 15 (20%)

Multiple reps 18 (22%) 13 (17%)

Integration 5 (6%) 8 (11%)

Correct 65 (78%) 52 (68%)

Note: N denotes the number of students who answered the question. Multiple Reps refers to the use of more than one of the
single representations. Every answer was assigned to only one of the categories Generic, Concrete, Intermediate, Idealized, or
Multiple Reps. Integration is a subcategory of Multiple Reps and was assigned when representations were explicitly linked.
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representations was rather rare in both groups. Considering the correctness, we again ran
Fisher's exact test, which indicated no significant difference between conditions (p = 0.21).

7.3.3 | Usefulness rating

In a final task, students rated how useful the representations were for solving the transfer item
in which a voltage is induced by an electromagnet. The Likert scale ranged from 1 = “not use-
ful” over 3 = “indifferent” to 5 = “very useful.” We obtained complete ratings from 36 students
in the CF condition and 29 students in the SIM condition (as explained in the Posttest
section above, this task was only presented to half of the classes). Table 6 shows the mean
values and standard deviations regarding the three representations. Although Likert scale data
may not strictly fulfill the requirements for an analysis of variance (ANOVA), it has been
argued that this method is robust against violations and preferable to nonparametric methods
(Carifio & Perla, 2008; Norman, 2010). We therefore performed ANOVAs to compare the distri-
butions regarding the various representations within conditions and regarding the same repre-
sentation between conditions. A comparison of the mean values shows that in both conditions,
the intermediate representation, which was rarely used in the open answers previously, was
considered the most helpful representation for solving the task. Additionally, only for this rep-
resentation, the students in both conditions most frequently selected “very useful” (CF: 10 stu-
dents, SIM: 11 students). In the CF condition, the intermediate representation was rated
significantly higher than the concrete representation, F(1,70) = 9.91, p = 0.002. In the SIM con-
dition, the intermediate representation was regarded as significantly more useful than both
other representations; F(1,56) = 6.14, p = 0.016 (intermediate vs. concrete), F(1,56) = 22.6,
p < 0.001 (intermediate vs. idealized). No other comparisons were significant at the 0.05 level.
The usefulness of the concrete representation was rated considerably higher in the SIM than in
the CF condition, F(1,63) = 3.89, p = 0.053. In contrast, the idealized representation was reg-
arded slightly more helpful in the CF than in the SIM condition, F(1,63) = 2.36, p = 0.13. How-
ever, both differences were not significant.

8 | DISCUSSION

In an experimental classroom study, we examined whether concreteness fading (i.e., starting
with concrete representations) was more beneficial than the simultaneous presentation of mul-
tiple external representations (MERs) in learning Faraday's law. We specifically addressed a
hypothesis put forward by Fyfe and Nathan (2019, Hypothesis 5, p. 417) according to which

TABLE 6 Means and standard deviations for students' ratings of the usefulness of representations.

CF (N = 36) SIM (N = 29)

Representation M (SD) M (SD)

Concrete (experiment) 2.4 (1.4) 3.1 (1.4)

Intermediate (field lines) 3.4 (1.3) 3.9 (1.1)

Idealized (graph or formula) 2.9 (1.2) 2.5 (1.1)
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“presenting the three stages one at a time in the specified order will be more effective than pre-
senting the stages all at once or presenting any two of the three simultaneously.” An ANCOVA
did not indicate significant differences between the CF and SIM conditions in the posttest sum
scores of the multiple-choice concept test. Additionally, the subscores (items with single repre-
sentations, quantitative calculations, and translation between representations) did not reveal
any statistically significant differences. Equivalence tests indicated that both conditions per-
formed similarly. Content analysis of two open questions also gave no hints of clear differences
between the two conditions. A comparable majority of students from both conditions were able
to solve a transfer task, indicating that they were able to build solid conceptual knowledge with
respect to Faraday's law.

On the one hand, these results challenge the proposal that concreteness fading is generally
more beneficial than other ways of sequencing MERs (Fyfe & Nathan, 2019). Although con-
creteness fading has received promising evidence from mathematics education research, the
results from research on physics education have been equivocal. The results of the present study
align with previous findings that did not support concreteness fading in physics (Jaakkola &
Veermans, 2018; Kokkonen et al., 2022). On the other hand, the theoretical and empirical liter-
ature on learning with MERs underlines that creating connections across MERs is crucial for
learning (Goldwater & Gentner, 2015; Johnson & Mayer, 2012; Mason et al., 2013; Son
et al., 2011). Simultaneous presentation of MERs creates spatial and temporal contiguity
(Mayer, 2009; Mayer & Fiorella, 2014) and can prompt comparing and contrasting, and thus
processes of structural alignment, which should support connecting across instances (for a
review, see, Alfieri et al., 2013). The supposed benefits of simultaneous presentation of MERs
did, however, not result in better learning than concreteness fading in the present study. Both
conditions (CF and SIM) were equally effective.

In addition to supporting conceptual knowledge development, a specific aspect of learning
with MERs is to learn to link various external representations and translate between them. To
explore whether either of the approaches was more beneficial to this end, we used multiple-
choice items regarding magnetic flux that required translating across two representations in the
pre- and posttest. However, we also did not find a significant difference regarding representa-
tion translation. Students' performance on these items was already high after the pre-
instruction on magnetic flux and it remained stable during the intervention in both conditions.
It might be that students really did not spontaneously increase their ability to translate between
representation, notably, increasing this ability specifically was not in the focus of the interven-
tion. However, this finding could also be due to a ceiling effect as there was not much room for
improvement regarding the selected items since the pretest performance was already high.

To explore the use of representations in more detail and to identify idiosyncratic advantages
of concreteness fading and simultaneous presentation, we analyzed students' answers to the
self-explanation prompts presented at the end of the intervention. First, we found weak evi-
dence that students might better link representations spontaneously when they are presented
simultaneously, as integration was more frequently observed in the SIM condition. However,
the numbers of students who indicated integration in their answers to the self-explanation pro-
mpts were low in both groups. Second, students in the CF condition mentioned the idealized
representation more often. This finding could be regarded as one of the proposed benefits of
concreteness fading (e.g., Fyfe & Nathan, 2019, p. 419): “Concreteness fading is intended to
facilitate initial learning by starting with a grounded, meaningful representation and to support
transfer by moving toward competency with a decontextualized, idealized representation.”
However, we did not find a benefit for transfer. Thus, two alternative explanations should be
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considered for why students in the CF condition more frequently mentioned the idealized rep-
resentation. On the one hand, this finding could be considered a simple recency effect
(e.g., Baddeley & Hitch, 1993), given that the idealized representation is presented in the last
step (before learning outcomes are assessed). On the other hand, students might reckon it as
the most important representation because the progression ends with it, which could give them
the impression that it is the target of the learning sequence. Both explanations could be tested
with a concreteness introduction condition in which the sequence starts with the idealized rep-
resentation and ends with the concrete experiments. If we would find a similar distribution also
in the latter condition, the general emphasis on idealized representations (e.g., formulas) in
advanced physics courses might be an alternate explanation. In contrast, in the SIM condition,
the use of the various representations seemed more balanced. Representations might be reg-
arded as equally important when presented simultaneously with spatial and temporal contigu-
ity. The slightly higher frequency of the concrete representation may stem from the enactment
component of the hands-on experiment, which can facilitate retention (e.g., Carbonneau
et al., 2013). This tentative finding could be an argument in favor of this condition in the longer
run, as it might support enduring integration.

Interestingly, we found a similar tendency when we analyzed student ratings of the useful-
ness of representation with respect to the selected task. Students in the CF condition seemed to
favor the idealized representation over the concrete representation, while it was the opposite in
the SIM condition. Nevertheless, both groups rated the intermediate representation the most
helpful. From a physics education expert's perspective, this representation can indeed be seen
as the most effective for solving the given task. Thus, even though students did not preferably
use the intermediate representation spontaneously when describing Faraday's law, students
were able to flexibly adapt to the new task in a meaningful way. Our finding indicates that the
usefulness of a given representation is likely to depend on the task at hand, as they connect to
complementary aspects of the phenomenon (Lampinen & McClelland, 2018). While it might be
convenient to cite Faraday's law by writing down a generic statement, remembering an experi-
ment or reproducing the formula, the field line representation was perceived as more useful for
solving the selected task. Obviously, for a purely quantitative task, the mathematical representa-
tion would have been more helpful than other representations such as the field line
representation. However, also the pre-instruction, where the magnetic flux was elaborated
mainly using the intermediate representation, might have affected students' perceived useful-
ness. Finally, the perception of how helpful a representation is may also depend on the learners'
prior knowledge (Lampinen & McClelland, 2018): learners who are more familiar with mathe-
matical formalisms may be more adept in using it even in qualitative tasks. Note that this find-
ing of the present study is exploratory; nevertheless, it indicates interesting directions for future
research. That is, it could be worthwhile to put the intermediate representation in the focus of
an instructional approach for Faraday's law. At least in science education, the intermediate rep-
resentation often provides a potentially helpful bridge between concrete representations
(e.g., hands-on experiments) and symbolic (mathematical) formulations of a concept.

As a last point, we refer to a limitation of the experimental materials, which provides inter-
esting aspects for physics educators. For practical and didactical reasons, we used a simple
experimental setup consisting of a bar magnet, a coil, and a voltmeter that does not require elec-
trical supply or prior knowledge of electromagnets. In this setup, a voltage can only be induced
when either the magnet or the coil is moved. However, magnetic induction can also occur with-
out movement, for example, when a coil is put into a changing magnetic field. Hence, the limi-
tation of our experimental material may have induced and solidified the misconception that
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induction requires movement (Jelicic et al., 2017). Fortunately, this was not the case, as the
analysis of the open questions in the posttest showed: approximately 80% of the students in both
conditions answered correctly when exposed to a new situation with a resting electromagnet.
More interestingly, approximately 40% of the students who first said movement was necessary
for induction were able to correctly explain the new situation. While the first item implies that
the intervention may have produced the misconception that electromagnetic induction requires
movement, the transfer item indicates that the misconception was not solidified. On the one
hand, these inconsistent answer patterns of students might be a hint that the newly built
knowledge was not yet well enough integrated but remained situated and thus dependent on
the tasks and context. The first question made a possible overgeneralization from the experi-
ments they conducted in the learning phase visible, while the second question exposed them to
a new situation without movement; and students were able to correctly apply Faraday's law. On
the other hand, it might also be possible that students could not spontaneously come up with
an example of induction without movement and later, after answering the second question,
they just did not go back to correct the first answer. In any case, the question about the resting
electromagnet seems to have triggered a deeper examination of Faraday's law among students.
For future use in the classroom, it would therefore make sense to include this case in the teach-
ing materials, not just in the posttest. Considering all student results, our findings indicate that
the relatively simple experimental setup together with the self-learning materials was suitable
to help students build a solid basis of conceptual knowledge of Faraday's law. To make it acces-
sible to a wide range of schools, we provide the self-learning materials used in the study
(in German) in the Supporting Information.

8.1 | Limitations

We found no differences between the CF and SIM conditions immediately after the learning
phase. While our measures indicated a high implementation fidelity with respect to the study
design, our study has some limitations that should be targeted by future research. First, whether
the benefits would materialize in a delayed posttest, as speculated by McNeil and Fyfe (2012),
was not examined. Since we situated our study within normal physics classroom education, it
was not possible to tell the teachers not to touch upon the content for one or even more weeks
because they wanted to proceed with their instruction. Second, based on methodological con-
siderations, we used different pre- and posttests (as described in the Pretest section above).
However, this choice also comes with the disadvantage that we cannot exactly say how much
learning actually occurred from pre- to posttest. For future studies, it will be helpful to further
optimize our methodology so that pre-posttest gains can be determined. Third, there is a possi-
ble confounding variable in our study design. In the CF condition, the task types were pres-
ented simultaneously (i.e., each phase covered all four situations). In contrast, in the
simultaneous condition, each step covered only one task type. This might have benefitted
the CF condition since the tasks thus scaffolded generalizations about Faraday's law (therefore,
concreteness fading may have yielded worse performance without this helpful learning material
design feature). Fourth, considering the qualitative analysis of students' open answers, the inter-
pretations must be treated with caution. When categorizing students' answers, we were
restricted to their written texts. However, students might have thought about the other repre-
sentations while mentioning only one of them or giving a generic statement in their responses.
Finally, representations and content are always confounded. For example, in our study,
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Faraday's law was represented in different ways. In the experiments, the induced voltage pro-
duced by changing flux was illustrated with coils, magnets and voltmeters, the field line repre-
sentations focused on the visualization of the change in flux that dynamically is linked to the
induced voltage, and the graphs explicitly showed how the function of induced voltage over
time can be derived from the flux. All three representations can illustrate the relation between
magnetic flux and induced voltage, which is at the core of Faraday's law; that is, they describe
the same content. However, they focus on different aspects and support different functions and
therefore complement each other. This confounding of representations and content is not
restricted to physics. For example, rational numbers can be represented as fractions, decimals,
or percentages. All three representations can express the diverse interpretations of rational
numbers (e.g., Tian & Siegler, 2018). Nevertheless, “decimals appear to be much more effective
than fractions in conveying information about magnitude” (DeWolf et al., 2015, p. 128).
Kokkonen and Schalk (2021) provide an extensive discussion on how representations and their
relations to each other vary across mathematics, physics, chemistry, and biology. Accordingly,
the confounding of representations and content is likely to vary between different topics within
a subject, but also across subjects. It would be highly interesting to investigate in future research
how the varying degree of confounding influences the effectiveness of different sequences of
representations.

9 | CONCLUSION

We designed and applied two self-learning materials to introduce the challenging Faraday's law
in physics classrooms at the upper secondary level. Both materials comprised multiple external
representations (hands-on experiments, diagrammatic illustrations, mathematical formalisms)
but presented them either sequentially following the concreteness fading approach or simulta-
neously. Our results from an experimental classroom study with a detailed posttest showed that
the two presentation orders were equally effective. Future studies need to more closely examine
the interaction between MERs and learning tasks regarding the triggering of effective learning
processes and to scrutinize how students' selection and use of representations across various
tasks affects the construction and development of conceptual knowledge. Moreover, the degree
of confounding between representation and content needs to be carefully considered in future
research since this may additionally impact the effectiveness of instructional sequences of repre-
sentations. The lack of differences between the conditions in the present study implies that
there are multiple ways for teachers to sequence MERs to teach Faraday's law in physics class-
rooms. Thus, supporting students in learning a challenging physics topic may not be only a
matter of finding the best sequence of presenting MERs.
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