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Abstract

The importance of the electromagnetism as topic itself and educational framework in which learn how to 
master multivariable abstract entities require the development of organic learning path for high school 
students. An empirical research done in the framework of a designed based research was performed in three 
different types of high schools to look at the reasoning that an organic learning path constructed on the formal 
construction of abstract entities promote in the students when the idea of the flux tubes representation is 
introduced as the key element in the interpretation of the magnetic field representation. The learning path, 
designed with an inquired based approach, provide to students the environment in which experimentally 
explore physical quantities constructing formal entities able to represent their properties. Then, the providing 
of challenging context, as the explanation of the processes of electromagnetic induction, allows to investigate 
how students validate and/or extend their interpretative model based on the constructed formal entities.

Introduction

Electromagnetism is one of the main topic addressed in the last years of the high schools and has an 
intrinsic importance in the understanding of several everyday phenomena. Research literature widely 
addressed the main learning knots related to this topic: the field representation (Guisasola et all, 1999), 
the field as a superposition (Viennot & Rainson, 1992), the relation between magnetic field and electric 
currents and the nature of field itself (Thong and Gunstone, 2008), the sources of field and the role of 
relative motion in the electromagnetic induction (Maloney et all, 2001) and the identification of the versus 
of the induced magnetic field (Bagno & Eylon, 1997) but there is a lack of proposals of organic learning 
path that cover all of them. 

A first attempt to face this issue was proposed by Bradamante et al. (2005)  using the field lines of the 
magnetic field as conceptual referent for the magnetic field representation. Looking at this particular angle 
of attach, in the framework of a Design Based Research, an organic curricular proposal was developed 
providing to students a specific learning path that, using inquired based tutorials, overcome the intrinsic 
qualitative nature of the field lines representation proposing the operative construction of the flux tubes as 
the way to construct the key conceptual referent for the exploration of the electromagnetic phenomena. 
In this approach, the idea of flux is constructed not only on a formal level but also on the conceptual 
plane, becoming so an operative conceptual referent which changes over time produce the phenomena 
of electromagnetic induction. 

In particular, to investigate the students’ reasoning promoted by the use of this learning path, the following 
aspects were addressed: How did the students construct the idea of field so that it could become an organic 
entity of reference (RQ1); When and how the concept of field become a conceptual referent in students’ 
reasoning (RQ2); What is the role of the experimental exploration in building formal interpretative models 
of the electromagnetic induction (RQ3).

Methods

In the framework of a co-planning work to promote the innovation of the teaching strategies in the 
Italian high school, the experimentation of the learning path was carried out by a researcher in three 
high school classrooms at the presence of the school teachers. All the classes involved are grade 13th 
(students are mainly 18 years old) and are selected from different types of schools to test the portability 
of the learning path: one classical lyceum, one linguistic lyceum and one scientific technological lyceum. 
The experimentations were held in the schools in accordance with the standard time table of the involved 
classes using a total amount of 12 hours of lessons. 
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The proposed learning path was structured by means of a context related approach in which particular 
experimental situations are proposed as starting points of phenomenological investigations in the 
framework of a gradual grow of the level of formalization for the  interpretative quantities adopted. The 
whole summary of the inquired learning based tutorial and the learning path are reported in detail in 
Appendix A. In this paragraph will be discussed the steps of the learning path exploiting the rational on it 
takes grounds.

The learning path begins with very simple situations presented as introductory activities aimed to recall 
student’s everyday knowledge as regards the exploration of the simpler magnetostatic interaction 
between objects. In particular, a box full of everyday objects of different types is proposed to the students 
and was asked them to individuate the magnets in the box, describe the different type of interaction the 
they experiencing between the objects of the box and categorize the object by the types of interactions 
(activities 1-4 – Appendix A).

During these activities, as during the other ones proposed among the learning path, individual and group 
works are alternated to share and compare the findings inside the class.

Then (activities 5-10 – Appendix A), the compass is introduced as an explorer of a magnetic propriety of 
the space in one point that had to be explored and defined. In particular, the interaction between magnets 
are explored observing the rotations induced by the magnetic interaction and the analogy between the 
behaviors of the hanging magnet and the compass. 

Even if the role of the representations was inserted already in a marginal way in the first ten steps of the 
learning path, in the eleventh it became crucial and is strictly related to the development of the formal 
representation of the physical entities involved (activity 11 – Appendix A). In particular in Activity 11.c, the 
students provide spontaneously a first representation of the magnetic properties of the space in one point. 
Their early representations are in all of the cases categorizable as a pictorial or a stylized representation of 
the compass needle representing or not the orientation of the needle. These will be the ground on which 
construct the vectorial nature of the magnetic field starting from this spontaneous versorial one.

But first, the representation by means field lines is presented to pupils overlapping the field lines 
representation to their versorial representation and discussing the validity and the pro and contra of both 
ones (Activity 11.d-12 – Appendix A).

In activity 13 was addressed in particular the limits of the versorial representation highlighting 
experimentally how this first formal representation is not able to describe all the characteristics of the 
magnetic field highlighting the need of introducing a way to represents also the intensity of this property. 
Highlighted an solved this issue of the versorial representation, the same problematic will be raised as 
concern the field line representation and in particular observing that in a simple field lines representation 
there is not a quantitative way to have information as concern the intensity of the magnetic field even if to 
try to correlate the distance (57%) or the density (29%) of the line with the intensity of the field – the idea 
that the intensity of the magnetic field is constant along a line was proposed only by few students (3%).

Following this shared expected spontaneous (and not correct) prevision, during activity 16, pupils are 
encouraged to validate their prevision and measure the value of the flux of the magnetic field between 
two field lines relating it to the height of the stripes bounded by the two lines. Then, looking that this 
correlation does not fit directly, after a discussion on the tridimensional structure of the magnetic field, 
they re-do the experiment looking for a correlation between the intensity of the magnetic field in one 
point and the area of the section of the tube constructed on the stripe bounded by the line in this point.

What emerge from this exploration is that there is an inverse proportionality between the value of the 
intensity of the magnetic field and the section of the tube. It means that the product between these two 
quantity had a constant value for each tube, but the value of this constant varies from tube to tube. It 
means that exist one way to relate the intensity with the section (and then the height) of a tube with the 
intensity, but the factor of correlation is not the same for all the tubes.
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In this so is necessary a renormalization of the line to have the same value of the constant for each tube 
and so connecting equal height of the tube to equal intensity of the magnetic field.

In this way is possible to insert in the field line representation a metric that allow students to do quantitative 
forecast on the structure of the field around the magnet and in the same time, being the constant along 
the tube, the flux of the magnetic field, it is possible to correlate quantitatively the number of tubes 
crossing a surface to the flux of the magnetic field trough a surface or a circuit.

Then the learning path proceed with the explorations and analysis of different sources of magnetic field 
(Activities 17 and 18) and the  exploration of the Lorentz force (Activity 19). At least, the phenomena of the 
electromagnetic induction is presented as an experimental exploration in which students had first to freely 
explore qualitatively the phenomenology individuating the main parameter that had a role in it (Activity 
20) and then study the phenomena in and explorative way (Activities 21 and 22).

Data and findings

Data were collected from the students’ writings on the inquired based personal worksheets proposed and 
from the audio recording of the argumentative discussions. Here will be reported and discussed only the 
data concerning the particular steps of the learning path that are related to the research questions took 
into account in the introduction.

For each question the students answers are categorized and grouped in categories token in accordance 
with the main categories highlighted in literature for analogues questions and in new categories that 
emerged from the grouping of the data in the framework of a phenomenographic analysis of the students’ 
answers.  In particular as concern the early phase of exploration the spectra of the possible answer is quite 
spread and different from class to class.

For instance in the following graph (Figure 1) are represented the distribution of the earlier representation 
used by the students in Activity 11 to represents the property of the magnetic property of the space. 

Looking at the results of the MF and the TV classes (a classical lyceum and a scientific lyceum respectively), 
the distribution of the data are manifestly different and they overlap only on few mainly minority categories. 
In particular the MF students seems to use spontaneously more formal terms related to their scientific 
instruction, while the TV students proposed more often iconography representations of the needle.

Figure 1. Distribution of the earlier representation used by the students in Activity 11
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This also persist after the performing of the activity 13 in which, even if almost all the students recognize 
the necessity to use a vector as formal entity, the justification that arise from the discussion is quite 
different between the two classes (Figure 2).

Figure 2. Argumentation concerning the need of using a vector as a formal entity

All the TV students argue referring to the different properties that had to be represented, while the 
majority of the MF students goes beyond this first level of argumentation expressing it in terms of the 
principle of superposition.

As concern instead the prevision of the way in which students proposed to extract the information from 
the draw of the field lines as concern the intensity of the magnetic field in each point of the paper, the 
distribution of the answers is almost the same in the all classes and could be summarized as in Figure 3.

Figure 3. Distribution of the intuitive students’ proposals to extract from the  field lines representation, 
information concerning the intensity of the magnetic

How could be seen from data, the idea to correlate the distance and/or the density of lines with the 
intensity of the magnetic field is spread among the students and, even if it is not the right interpretation, it 
the usual angle of attach propose by the students to solve this issue related to the introduction of a metric 
in the field lines representation. In fact, after the performing of the Activity 16, the 84% of the students 
(categories A and B reported in Figure 4) explicit a correct statement for the definition of a two-way 
relation between the lines distance and the intensity of the magnetic field in one point and then, during 
the big group discussion, the proposal of  reshaping of the pattern of lines in a way that ensure all tubes 
have all the same value of the product between the intensity of the field in one point and the section of 
the tubes (or the square of the height of the stripes) emerges in all of the groups.
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Figure 4. Students conclusions after the Activity 16 concerning the ways in which relate the intensity of the 
magnetic field and the property of the field lines representation.

To investigate when the magnetic field becomes a referent for the students, the analysis was focused on 
students’ replies and argumentation to Activities 20 and 21. 

During the qualitative exploration of the electromagnetic induction, all the groups of students performed at 
least one way to produce the phenomena and explored the variables involved in the phenomena. Figure 5 gives 
an overlook of which were the observation done by the groups (in this case the category used in the reporting 
of the data are not mutually exclusive because each groups could provide more than one observation. 

Figure 5. Observation done by the students during Activity 20 as concern the ways in which generate (or 
not) electromagnetic induction and the individuation of the variables involved.
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In addition, as concern the methodological aspect adopted by the students during the experimental 
exploration proposed, several groups perform a double check (they lowered and then raised the value of 
a parameters) denoting so a need of rigor and formality and highlighting also the need to construct, even 
in the qualitative case, a formalization of the correlation between the factors and the variables involved 
and several of them 71% use the flux of the magnetic field as a conceptual referents which its rate of 
variation among time produced the induced current. Looking at Figure 6, where are reported the replies to 
questions 20.3, there is also a 25% who refer to the lines without do manifestly references to the concept 
of flux.

Figure 6. General interpretation provided by students at the end of the qualitative exploration of the 
electromagnetic induction.

During the quantitative exploration, a minority of the students speaks in terms of field line and flux (36%), 
while the main part (63%) spontaneously correlate the physical situation with the phase of the graph in 
relation with the position and the movement of the magnet. As emerged in the class discussion, this trend 
were due to the difficult that the students has to see the movement of the field lines representation with 
the magnet.

Discussion and conclusions

By means of this experimentation is shown how an experimental exploration of the properties of a physical 
entity done in a prospective of gradual construction of the formal properties and allow student to construct 
the meaning of abstract entities giving physical meaning of their representation. In this way, the formal 
entity becomes a conceptual referent having a meaningful graphical representation that allow students 
to do prevision and provide interpretation of the explored phenomena. In particular the magnetic field 
became the main conceptual referent in situations in which the source of the magnetic properties is at 
rest, while some difficult persist when the sources are in motion. The role of the experimental exploration 
for the investigation of the induction phenomena as they were proposed have a double value: in the 
qualitative exploration students found and construct an explanatory model based on the abstract entity 
that they had characterized earlier; in the quantitative one, students overcome the limits in which the 
formal entity were experimentally formalized to provide a new parameters in the description of the field 
relating the movement of the lines with the source of the magnetic properties. So there is a double value 
of the experiment: validation and extension of the model.
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Appendix A

Summary of the learning path and the inquired based learning path proposed.
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