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There are studies of students’ understanding of the concept of the electric field, the magnetic field, and
the use of the superposition principle that have contributed to the creation of both educational strategies and
assessment tools. However, the difficulties of these two concepts have not been compared comprehen-
sively. Therefore, this study aims to compare students’ conceptual understanding of electric and magnetic
fields in questions regarding the field created by one source and the field produced by a system of two
sources. We focus our study on students’ explanations about the magnitude and direction of the field and
their application of the superposition principle in both contexts (electric and magnetic). We conducted this
study with 322 engineering students in a Mexican university. We designed two versions of an open-ended
questionnaire, one with the context of electricity and the other with magnetism. We created the questions
using the parallelism between electricity and magnetism and used schematic representations with similar
surface features to represent this parallelism. Analyzing the data through a phenomenographic approach,
the students’ drawings and explanations gave insight into their understanding of the concept of field and the
superposition principle application in the context of electricity and magnetism. We found that students have
similar categories of understanding the concept of the electric and the magnetic field. In both contexts, there
is an evident relationship between applying the principle of superposition and understanding the concept of
field. We found that there is a greater tendency that a student correctly applies the superposition principle if
that student has a robust representation of the field. We found evidence that students consistently merge two
different representations (vector plots and field lines) in electricity and magnetism. We named this category
of representation “hybrid vectors and field lines.” We also found that some students who draw hybrid
representations of the field can still apply the superposition principle correctly. However, some conceptual
understanding difficulties are dependent on the context: the known difficulty of confusion between forces
and fields is more attached to the electricity context. The confusion between electricity and magnetism
concepts is more relevant in the magnetism context. As in other literature, we found more evidence that the
correct answer in multiple-choice questions may lead students who have mild difficulties (such as
memorization and creating a hybrid representation) to choose a correct answer. We recommend that
teachers and researchers of electricity and magnetism acknowledge the relationship between the conceptual
understanding of the field and applying the superposition principle. We suggest that instructors be attentive
to how they approach using representations of electric and magnetic fields.

DOI: 10.1103/PhysRevPhysEducRes.17.020117

I. INTRODUCTION

Conceptual understanding of physics concepts and
problem-solving skills at the university level are two of
the general research topics in physics education research
[1]. Research literature in conceptual understanding has
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long focused on identifying conceptual difficulties (i.e.,
misconceptions, alternative conceptions, and naïve con-
ceptions). Many studies have identified students’ concep-
tual difficulties in the context of undergraduate electricity
and magnetism [2–4].
The literature on problem-solving skills has focused on

the differences between novices and experts [1]. Studies
have found that representational use has an important effect
on developing problem-solving skills; novices tend to focus
on the surface features of the representation of a physical
situation, while experts focus on the underlying physical
principles [5]. In the context of electricity and magnetism,
the representation of the field may affect students’ perfor-
mance on magnetic force questions [6], and it may confuse
the understanding of the field concept [7].
Even though electric and magnetic phenomena are

undoubtedly different, they are ontologically related
because the same sources (electric charge) under different
conditions (static and dynamic) create them [8]. To an
expert, the relation between these phenomena is evident in
the parallelism of Maxwell’s equations and the Lorentz
force equation. These phenomena may also be related to a
novice, but for their parallel surface features, instead of the
underlying principles and meanings [5].
Epistemologically, there are different approaches in the

teaching and learning of both phenomena and different
difficulties for learning. When learning the electric field
concept, students have difficulties adopting a way of
thinking in terms of the field rather than interactions and
confuse the concept of the electric field with electric force
[9–12]. When learning the magnetic field theory, students
have difficulties identifying the source of the magnetic
field, and they often confuse the magnetic force and
magnetic field [2]. Students have problems changing from
the conception of interactions to the concept of field, which
could be associated with an immature understanding of the
electric and magnetic fields as vector fields [13].
The conceptual understanding of the field concept and

the superposition principle has been studied in the electric
and magnetic contexts. Still, the literature has not empha-
sized the comparison between these two contexts. There are
several research-based assessments for students’ under-
standing of general topics of electricity and magnetism, the
Conceptual Survey of Electricity and Magnetism (CSEM)
[3], the Brief Electricity and Magnetism Assessment
(BEMA) [14], the Magnetism Conceptual Survey [15],
and the Electricity and Magnetism Conceptual Assessment
[16]. These assessments have evaluated, among other
topics, the field concept and the application of the super-
position principle, but they do not focus on a comparison
between contexts.
These different studies that assess the conceptualization

of the electric and magnetic field and the superposition
principle application in both contexts give quantitative
information about the difficulties that students may have

when approaching these topics. More studies have explored
the difficulties students have to apply the superposition
principle, with qualitative [12,17] and quantitative
approaches [18–20]. Rainson, Tranströmer, and Viennot
[18] found that some students can accept the existence of an
electric field only if there is the possibility of motion. Other
studies suggest that students think that only the nearest
charges affect the electric field at the position in a situation
of several charges and a position [12,19,20]. Furthermore,
the characteristics of the representation may also affect the
application of the superposition principle [17].
A possible source of difficulty for understanding the

electric and magnetic field concepts is the confusion
between them. Some students conceive magnetic fields
as created by magnetic charges, similar to the electric field
[21]. Some students claim that not-moving electric charges
produce a magnetic field [2]. These difficulties suggest that
students often confuse these topics that are ontologically
related. However, only a few studies have approached the
interference that might arise between the learning of
electric and magnetic concepts [4,22].
The comparison and analysis of interference between the

electric and magnetic field concepts have been studied in
terms of electric and magnetic forces when particles move
through an electric or magnetic field [4,23]. Scaife and
Heckler [4] found that students confuse the electric and
magnetic phenomena of particles inside uniform electric
and magnetic fields; this confusion is more prominent with
the field line representation than with poles. The authors
attribute students’ confusion to the moments of evaluation,
i.e., before or after the instruction of each relevant topic. We
recently presented a comparison of students’ difficulties on
the notion of a charge (at rest and in motion) in an electric
or a magnetic field [23]. Students’ difficulties in the
conceptual understanding of electric and magnetic phe-
nomena have not been compared comprehensively for all
the concepts related through parallelism. We are con-
ducting several studies to contribute in this regard. In
the present study, we focus on comparing students’ under-
standing of the concepts of electric and magnetic fields and
the superposition principle.
This study aims to compare students’ conceptual under-

standing of electric and magnetic fields in questions
regarding the field created by one source and the field
produced by a system of two field sources through a
phenomenographic lens. We focus our study on students’
drawings and explanations about the magnitude and direc-
tion of the field and their application of the superposition
principle in both contexts (electric and magnetic). We use a
phenomenographic approach to analyze data because it
provides deep insight into students’ understanding while
having many participants [24]. By analyzing open-ended
questions, we can explore students’ drawings and explan-
ations without the guidance that multiple-choice questions
may have on students’ answers. The phenomenographic
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approach facilitates grouping students’ answers into cat-
egories so that we can compare the two contexts. Our
approach to make this comparison is novel because we
draw upon the relation between electric and magnetic fields
and the parallelism between their sources. We consider
static point charges as electric field sources and dynamic
point charges (electric currents) as magnetic field sources.
How point charges and electric currents are often repre-
sented schematically is very similar, so we used these
similarities to design our study; these schematic represen-
tations have been used in other studies about electric and
magnetic concepts [3,14–16]. This comparison is relevant
because it provides essential information about the diffi-
culties in learning the concepts of electric and magnetic
fields.

II. METHODOLOGY

We conducted a study with 322 engineering students in a
large private Mexican university upon completing a

calculus-based course on electricity and magnetism
(E&M). This course is the last of three introductory physics
courses offered in this institution. The course consists of 3 h
of lecture and 1.5 h of laboratory sessions per week.
Students use a known textbook [25] and Tutorials for
Introductory Physics [26]. The course is similar to an E&M
American university curriculum, in terms of content and
duration [27].
We designed two versions of an open-ended question-

naire, one with the context of electricity and the other with
magnetism. We created the questions using the parallelism
between electricity and magnetism and used schematic
representations with similar surface features to represent
this parallelism. The instruments include four items: one
question about the electric or magnetic field concept and
one question about the superposition of the electric or
magnetic field. We present a translation of the tests in Fig. 1
since we designed and administered them in Spanish. We
administered the tests randomly to all of the students during

Electricity Magnetism

1. The figure shows a point charge +q and two 
positions in space represented by a cross (x). The 
two positions are at the same distance from the 
charge. Draw on the figure the electric field on the 
two positions. Explain your reasoning.

1. The figure shows a long wire carrying an outward ( ) 
electric current +I0 and two positions in space represented 
by a cross (x). The two positions are at the same distance 
from the wire. Draw on the figure the magnetic field on the 
two positions. Explain your reasoning.

2. The figure shows two point charges +q and -q. 
Draw on the figure the electric field on the position 
(x). Explain your reasoning.

2. The figure shows two long wires, one of them carries an 

outward ( ) and the other an inward ( ) electric 
current +I0. Draw on the figure the magnetic field on the 
position (x). Explain your reasoning.

FIG. 1. The four questions analyzed in this study. On the left are the two items of the electricity version, and on the right, the same
items of the magnetism version. The first question focuses on conceptual understanding of the electric and magnetics field’s magnitude
and direction, through their drawings and explanations. The second question focuses on applying the superposition principle in the
context of electric and magnetic fields, respectively.
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the last laboratory session of the semester, where 160
received the electricity version and 162 received the
magnetism version.
As shown in Fig. 1, we decided to use similar repre-

sentations for the sources: a small circle representing the
point charge, the symbol for outward-pointing vectors
representing the outward electric current, and the symbol
for inward-pointing vectors to represent the inward electric
current. These representations are customary in the elec-
tricity and magnetism classroom in textbooks [26,28] and
conceptual evaluations [3,14–16]. We represented the
positions with crosses. We labeled the electric charge as
þq or −q, depending on the sign of the charge, and we
marked the electric current as þI0 to indicate that it is a
conventional current. Our students are familiar with these
representations by the end of the introductory electricity
and magnetism course.
The first question is a system of only one source of the

field, a point charge for the electric field, and a long straight-
line wire carrying an outward electric current for the case of
the magnetic field.We asked the students to draw the electric
field on the two positions marked in each situation. The
positions are the same for both cases, one is directly below the
field source, and the other is in a diagonal position, as shown.
The problem explicitly stated that there is the same distance
between the source of the field and the positions. The item
asks students to explain their reasoning.

Since the nature of the electric and magnetic fields is
different, we expect students to answer these two problems
differently. The correct answer for the electric field is to
draw electric field vectors that start at each position and
point to the direction of a vector from the source to the
position, Ûr−r0 . Since the problem states that the positions
are the same distance from the point charge, the vectors
should have the same length. We show this expected
drawing in Fig. 2(a). The correct answer for the magnetic
field is to draw magnetic field vectors that start at each
position and point to the direction of Ûl×ðr−r0Þ, with the
same length for both vectors, see Fig. 2(b). The explan-
ations may vary among students, which we analyze in the
results section.
The second question is a system of two sources of field, a

positive and a negative point charge for the electric field,
and two long straight-line wires carrying an outward and an
inward electric current, respectively, for the case of the
magnetic field. We asked the students to draw the electric or
magnetic field directly above the middle point between the
two sources of the field. The position is the same for both
situations. The question asked students to explain their
reasoning.
In this part of the test, the two answers are different

because of the nature of electric and magnetic fields. Still,
the process to answer them should be the same: the
application of the superposition principle. In the context

(a)  (b)  

 

(c)  (d) 
 

FIG. 2. The expected drawings for the questions of the field and the principle of superposition. On the left are those in the context of
electricity. On the right, those in the context of magnetism. (a) The expected drawing for the electric field in question 1. (b) The expected
drawing for the magnetic field in item 1. (c) The expected drawing for the electric field in question 2. (d) The expected drawing for the
magnetic field in item 2.
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of the electric field, the electric field vector points to the
right. An example of this drawing is in Fig. 2(c). In the
context of the magnetic field, the resulting vector points up,
as shown in Fig. 2(d). The explanations may vary between
students, but they account for how students apply the
principle of superposition in the two contexts.
The questions presented in this study are reasonably

fundamental. These questions do not provide a complete
overview of student understanding of the field concept,
which is very complex. With the analysis of students’
answers to these questions, we aim to identify difficulties
that may inhibit their learning of the field concept in the
future. The introductory E&M course provides a basic
overview of the field concept in the electric and magnetic
contexts. We think that if students can answer these basic
questions, they have the opportunity to understand the field
concept in more complex situations, such as applying the
superposition principle [29]. However, if students present
difficulties with such fundamental questions, they will
probably drag these difficulties into their learning of the
field concept in complex situations and more advanced
specialized courses.
We analyzed the results with a phenomenographic

approach. This approach allows us to understand how
people experience and make sense of the physical world
[24]. It recognizes that every person’s experience and
understanding are unique, but there are commonly shared
experiences and conceptions. Therefore, it is possible to
create categories that group individual conceptions into
collective intellect [24]. This method has been used to
analyze open-ended questions and derive students’ under-
standing and difficulties when learning physical con-
cepts [30,31].
We created the categories based on the answers from 20

students, reaching a consensus between experts. We
applied the emerging categories to analyze the responses
from all the students. When we identified the need to
include new categories, we did so in an iterative process.
We performed this analysis individually, by two of the
authors, and compared our results. We used Cohen’s kappa
to measure the inter-rater reliability of our analysis, reach-
ing an average of 95% agreement for the electricity version
and 94% for the magnetism version.

III. RESULTS

We present our results focusing on the categories that
emerged in the four questions. The categories provide an
essential insight into the most distinctive characteristics that
appear in students’ answers. As Marton [32] explains, these
categories are the most critical finding of phenomeno-
graphic research because, during the categorization proc-
ess, we look for “structurally significant differences that
clarify how people define some specific portion of the
world” [32]; in this case, the concepts of the electric and the
magnetic fields. Because the categorization process focuses

on structural differences, some of the emerging categories
may allow for comparisons between the understanding of
the concepts of electric and magnetic fields.
To create our categories, we analyzed students’ drawings

and explanations. It is essential to analyze both drawings
and explanations because students use representations to
make meaning of the concepts under study. We first present
the categories and results on the understanding of electric
and magnetic fields in the first question and compare the
two contexts. We later present the categories for applying
the superposition of electric and magnetic fields in the
second question and compare the two contexts. Finally, we
present a crossed analysis for each version of the test, where
we investigate how students’ answers in the first and
second questions relate. This analysis allows us to identify
how the understanding and difficulties with the concept of
field and applying the superposition principle may interact.

A. Student understanding of the concept of field

We identify the categories that emerged when analyzing
students’ understanding of the electric and magnetic field
concept in question 1. It is essential to identify the drawings
and the explanations that emerged separately. There are
three categories of drawings of field that we could identify
from students’ answers. We present the drawings for the
electric field in Fig. 3 and the magnetic field in Fig. 4.
In the drawing category “vector diagram,” students draw

a vector at each position with correct directions. The
students representing the field with vector diagrams draw
an arrow that starts at the positions marked with an x. The
arrow’s length represents the magnitude of the electric or
magnetic field at each position, which should be the same
for both positions. The arrow’s direction corresponds with
the direction of the electric or magnetic field at each
position. Figure 3(a) presents an example of this type of
drawing in the electric field context, and Fig. 4(a) presents
an example in the magnetic field context.
In the drawing category “hybrid vectors and field lines,”

students draw arrows that start at the charge and end at (or
near) each of the two positions marked with an x in the
electricity context. Figure 3(b) presents an example of this
type of drawing. In most cases, students drew only the two
arrows of interest. We consider this drawing as a hybrid
between vectors and electric field lines because it shows the
characteristic of vectors that it is only necessary to draw the
vectors of interest while having the characteristic of electric
field lines, that the arrows start at the source of the electric
field. Only 5% of students drew more arrows, resembling
an incomplete electric field lines diagram. Students make
variations of the vector diagrams and magnetic field lines in
the magnetism question, often combining features of both
representations. The variations are diverse, but many share
some characteristics, such as curved arrows and open
magnetic field lines [see Fig. 4(b)].
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In the drawing category “confusion between electric and
magnetic fields,” some students drew vectors or field lines
that would correspond with the magnetic field generated by
an outward electric current in the electricity context.
Figure 3(c) presents an example of the vectors that
correspond with the magnetic field in the electricity
question. Some students drew vectors or field lines in
the magnetism context that would correspond with the
electric field generated by a positive charge [see Fig. 4(c)].
There are six different categories of the explanations

given by students regarding their drawing of the electric
field in the first question: “Field concept,” “positive
charges,” “distance,” “repulsion,” “test charge,” and “elec-
tric current and magnetic field.” In the magnetism question,
the six explanation categories are slightly different, which
is natural because the contexts are different: “field con-
cept,” “right-hand rule,” “positive, outward current,” “dis-
tance,” “relation to the electric field: attraction and
repulsion” and “relation to the electric field: treats the
wire as a positive point charge.” there is an additional

category, “other,” which groups students whose explana-
tions did not match any explanation categories and could
not be classified. Students who did not answer the question
were analyzed separately in an independent category, “does
not answer.” A detailed description of the categories of
explanation is in the Appendix.
After identifying all drawing categories and the catego-

ries of explanation, we created the main categories by
grouping drawings and explanations. The four categories
that emerged were: vector field concept, hybrid vectors and
field lines, confusion with electric interactions, and E&M
interference. We compare the categories for the under-
standing of electric and magnetic fields in Table I.
The categories vector field concept and hybrid vectors

and field lines include variations of drawings and explan-
ations that could imply a complete or partial understanding
of the field created by one charge or current at this basic
level. We noticed that the explanation field concept only
emerged when students drew the vector diagram in both
contexts. This result implies that the hybrid vectors and

(a) (b) (c)

FIG. 3. We present examples of the drawings that students made in the first question of the electricity version. (a) An example of the
drawing category vector diagram. (b) An example of the drawing category, hybrid vectors, and field lines. (c) An example of the drawing
category, confusion between electric and magnetic fields.

 
 

(a) (b) (c)

FIG. 4. Examples of the drawings that students made in the first question of the magnetism version. (a) An example of the drawing
category vector diagram. (b) An example of the drawing category hybrid of vectors and field lines. (c) An example of the drawing
category confusion between electric and magnetic fields.
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field lines drawing might allow students to understand
some of the characteristics of the field concept in the
electric and magnetic context but does not stimulate
relating the field concept with the corresponding physical
principles. Students need to relate the field concept with
physical principles to fully understand the field concept in
complex situations in advanced courses.
The categories confusion with electric interactions and

E&M Interference imply difficulties in understanding the
field concept at a basic level. The emergence of these
difficulties from students’ answers is coherent with the
literature [10,33]. Furthermore, through our analysis, we
were able to identify two different explanations that lead
students to confuse the electric field and electric force. In
the repulsion explanation, students explicitly state that there
is repulsion between the point charge and the position,
while in the test charge explanation, they confuse the
position with a test charge. The category, E&M interfer-
ence, includes the students who confuse the electric field
with magnetic field-related concepts, such as electric
current and the right-hand rule. This difficulty is coherent
with the findings reported by Scaife and Heckler [4] on the
interference between the electricity and magnetism con-
cepts after magnetism instruction.
From the results shown in Table I, we can observe that

the category vector field concept is above 40% in both
contexts. These results mean that more than 40% of
students used a vector diagram to represent the electric
or magnetic field while using an explanation coherent with
the vector field concept. Similarly, the category hybrid
vectors and field lines, combined with coherent explan-
ations, is close to 20% in both contexts. The first category
shows a complete understanding of the field created by one
charge or current, while the latter offers a partial under-
standing. This result implies that there are difficulties
related to the representation of vector diagrams and field
lines, and the explanations might imply some memorization
processes. Previous studies have reported the difficulties of
combining characteristics of the vector diagram and the
electric field lines diagram in the electric field context
[17,30]. We observe that the difficulties of combining
characteristics of the vector diagram and the electric field

lines diagram seem to be independent of the context of
electricity and magnetism.
The categories confusion with electric interactions and

E&M interference describe different difficulties. The con-
fusion between the electric field and electric force has been
studied before [9,10,12,33]. In this study, we identified that
the category confusion with electric interactions is more
prevalent in the context of electricity than in magnetism.
This category emerged combined with the E&M interfer-
ence (4% of students) in the magnetic context. There was a
higher tendency to find students explaining that there
would be attraction or repulsion in the electric field context.
One possible explanation for this tendency is that in the
electricity context, the electric field and the electric force
are directly related through Lorentz’s force, and the electric
force is in the same direction as the electric field for positive
test charges. Otherwise, in the magnetism context, the
magnetic force is related to the magnetic field through a
cross product, so the direction of the force is perpendicular
to the direction of the field. Therefore, we only observed
this confusion combined with the confusion between
electric and magnetic fields. Some of the students who
answered the question as if it were an electric field also
answered that there would be repulsion or attraction.
Observe that the category E&M interference was more

frequent in the magnetism context than in electricity.We did
have a few students who answered the electric field question
as if it were amagnetic field. Previous studies have observed
that students answered electric force questions using the
right-hand rule [4]. In this study, this difficulty emerged, but
it was not as relevant as in the magnetism context. The
difference could be that, in these questions, we asked
students for the electric field instead of the electric force.
In the magnetism context, the difficulty of answering the
magnetic field question as an electric field was more
prevalent. The percentage that we obtained (14%) is similar
to the results obtained by Scaife and Heckler [4].

B. Application of the superposition principle in the
context of electric and magnetic fields

The categories in this section emerged from the analysis
of students’ drawings and explanations when answering

TABLE I. We compare the categories of understanding the field concept that emerged from students’ drawings and explanations in the
electric and magnetic contexts. In the magnetic context, the category confusion with electric interactions emerged combined with the
E&M interference; therefore, we included 4% of students in the latter.

Category Description Electricity Magnetism

Vector field concept Complete understanding of vector field concept,
representation using the vector diagram

41% 48%

Hybrid vectors and field lines Partial understanding of vector field concept,
variations of representation

26% 18%

Confusion with electric interactions Confusion between fields and interactions 13% (4%)
E&M interference Confusion between electric and magnetic fields 6% 14%
Other Other, unrelated, or does not answer 14% 20%
Total 100% 100%
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question 2 in the two contexts. The emerging categories
describe how students apply the principle of superposition
of the electric and magnetic fields. We present students’
drawings of the superposition of the electric field in Fig. 5
and of the magnetic field in Fig. 6. By the end of the
section, we compare the results from the two contexts.
In the category superposition, the students apply the

superposition principle correctly. Some of them draw the
vectors matching the contribution by each charge or wire
and the resulting vector. Other students only draw the
resultant vector. They explain that it is due to the super-
position principle or by vector addition. For example,
Fig. 5(a) shows a student who drew the vector correspond-
ing to each of the charges with dotted lines and then drew
the electric field vector pointing to the right. The student
explained: “It is the resulting [vector] from the two charges
that act on the position.” Figure 6(a) shows a student’s
drawing in the magnetism context, the vector correspond-
ing to the contribution by each of the wires with lighter
arrows, and then the resulting magnetic field vector point-
ing upward. Students in this category explained that “Since
they have the same magnitude, there is symmetry in the
field so that only theþy component remains.” Even though
these students do not cite the principle of superposition
explicitly, their drawing and the explanation of a resulting
vector are clues that imply the correct application of this
principle.

In the category contribution by each source, the students
identified through vectors or arrows the electric or magnetic
field contributed by each charge or wire on the position x.
They did not add the two vectors graphically, nor did they
mention the superposition principle. For example, in
Fig. 5(b), a student draws the electric field vector generated
by each charge on the position x in the electricity test. This
student explained: “A positive charge has a negative
electric field and the other positive.” This explanation
seems to refer to the contribution of the electric field by
each of the charges; it relates to the direction as positive or
negative, which is not an efficient way of describing
directions. Figure 6(b) presents the drawing by a student
who draws the magnetic field vector generated by each wire
on the position x. They explained that they used “the right-
hand rule.” This explanation refers to the direction of the
contribution of the magnetic field by each of the wires. In
this category, students do not attempt to explain that there is
a resultant vector of the electric field, nor do they mention
the principle of superposition.
In the category confusion force and field, students

explain through interactions between the charges or wires
and the position, either attraction or repulsion. Some
students do not aim to use the superposition principle to
find the electric or magnetic field. For example, in Fig. 5(c),
the student drew one arrow from the positive charge to the
position marked by x and one arrow from the position to the

(a) (b) (c)

(d) (e) (f)

FIG. 5. Examples of the drawings that students made in the second question of the electricity version. (a) An example of the category
superposition. (b) An example of the category contribution by each source. (c) An example of the category confusion force and field.
(d) An example of the category E&M interference. (e) An example of the category difficulties with graphic addition. (f) An example of
the category other.
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negative charge. Students in this category explained that
“one field repels the x and the other attracts it.” This
response implies several difficulties in understanding the
electric field; this student may confuse the position marked
by x with an electric charge. In the magnetism test, a
student presented the drawing in Fig. 6(c) and explained,
“The magnetic force points downward since the sum of the
magnetic forces of the two currents yields that.”
In the category E&M interference, students confuse

electric charges with electric currents or electric fields
with magnetic fields. For example, Fig. 5(d) shows the
drawing by a student with two circles around the charges
and a vector pointing downward in the electricity test. That
student explained: “Is zero, both generate an electric field,
but in opposite directions.” From the drawing, the circles
around the charges imply the confusion between electric
and magnetic fields. For the magnetism test, Fig. 6(d)
presents a student’s drawing with two arrows that start at
the current and point either to the x or away from it. The
student explained that “The outward [current] has a
direction opposite to the position because it is positive
and outward, the inward [current] has a direction toward
the position because it is positive and inward.” From their
drawing, the arrows that start at the wires with current are
the features that imply the confusion between electric and
magnetic fields.
In the category difficulties with graphic addition, the

students apply the principle of superposition with difficul-
ties. Some students draw arrows pointing from the charges

to the position, which leads them tomake the vector addition
with somemistakes.Other students donot explicitly draw the
contributions by each charge, so they make other mistakes
that we cannot pinpoint with the available information.
Figure 5(e) shows an example from a student. Figure 5(e)
shows an example from a student who drew several vectors
from each of the charges to the position. This student also
drew vectors pointing downward and explained: “From one
charge vectors leave and at the negative charge they enter so
that the resulting vector will go down.” Several students
seemed to have the same difficulty when adding these
vectors, which might be influenced by the bisector method
for adding vectors graphically. This category did not emerge
in the magnetic context.
In the category vectors cancel, the students explain that

the magnetic field vectors cancel each other. For example, a
student left their drawing blank, as shown in Figure 6(e),
and explained that “There is no magnetic field, since the
currents are equal, their magnetic fields are equal with
opposite directions, so they cancel each other out.” This
response implies several difficulties understanding the
magnetic field and the vector product between the current
and the displacement vector. This category did not emerge
in the electric context.
In the category other, the students drew variations of the

electric or magnetic field or left their drawing blank. They
provided explanations that do not answer the question or
cannot be classified in any other categories. For example, a
student drew a variation of the electric field lines of a

(a) (b) (c)

(d) (e) (f)

FIG. 6. Examples of the drawings that students made in the second question of the magnetism version. (a) An example of the category
superposition. (b) An example of the category contribution by each source. (c) An example of the category confusion force and field.
(d) An example of the category E&M interference. (e) An example of the category vectors cancel. (f) An example of the category other.
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dipole, as shown in Fig. 5(f), and explained that “there is an
electric field on (x); however, the field is more focused
between the two charges” in the electricity test. In the
magnetism test, a student drew curved arrows near position
x and explained: “the trajectory is from North to South,” as
shown in Fig. 6(f).
We present a comparison of the categories that emerged

about the superposition principle application in the two
contexts in Table II. We can observe that the context
influences the difficulties in applying the superposition
principle since the categories that emerged in both contexts
have different percentages, and some categories emerged in
only one of the contexts. The difficulties in understanding
the electric and magnetic field concepts might influence the
different categories.
In both contexts, the correct application of the super-

position principle is higher than 35% of students. Some
students attempt to apply this principle but do so incor-
rectly, having some difficulties with vector graphic addition
(less than 10%). As we can see, the main difficulty in
applying the principle of superposition is the category
contribution by each source, which is remarkable because
these students identify that each source of electric or
magnetic field contributes to the electric field at the position
but does not proceed to carry out the vector sum. One
reason could be that students perceive that identifying the
contribution by each source is sufficient to indicate the field
in the position.

C. Analysis of understanding of the concept of field and
the application of the superposition principle

The analysis presents the relation between the first and
second questions in each context. We measured the
relationship between the two items by identifying the
percentage of students who answered with a combination
of the first and second questions, given the category of the
first question [17]. In this analysis, we considered the

percentages that resulted greater than 25% relevant for
this study.
The category Vector field concept includes 41% of

students in the electricity test and 48% of students in the
magnetism version. We observe that 58% of the students
with a vector field concept of the electric field apply the
superposition principle effectively in the electricity test. In
magnetism, 70% of the students with a vector field concept
apply the superposition principle correctly. We highlight
this tendency because it is remarkable that a complete
understanding of the vector field concept promotes an
efficient application of the superposition principle in
both contexts. Similar behavior has been observed in the
electricity context [17].
In the category hybrid vectors and field lines, there are

26% of students in the electricity version and 18% of
students in the magnetism version. In electricity, we
observed that 29% of students in this category apply the
superposition principle, while 21% identified the contri-
bution by each source without performing the vector
addition. In magnetism, we can see that 26% of students
with the hybrid of vectors and field lines category apply the
superposition principle effectively, while 32% identified
the contribution by each source. We can see that both
contexts present a similar tendency so that students who
draw hybrid representations of vector field plots and field
lines may think of the contributions of the individual
sources when answering a superposition question.
In the category confusion with interactions, we found

13% of students in the electricity context. We can see that
students in this category tend to apply the superposition
principle (36%). However, 29% of students do not apply
the superposition principle by explaining repulsion
between the charges. We did not find significant relations
in the magnetism version for this category.
In the category E&M interference, there are 6% of

students in the electricity version and 14% of students in
the magnetism version. In electricity, we observe that 29%

TABLE II. We compare the different ways of applying the principle of superposition that emerged from students’ drawings and
explanations in the electric and magnetic contexts.

Category Description Electricity Magnetism

Superposition The students apply the superposition principle correctly.
They explain that it is due to the superposition
principle or by vector addition.

35% 44%

Contribution by each source The students identify the contribution of the field made by
each source but do not perform the addition or show a resulting vector.

14% 18%

Confusion force and field The students confuse the electric or magnetic field with its corresponding force. 14% 5%
E&M interference The students confuse between electric and magnetic fields. 5% 6%
Difficulties with graphic
addition

The students apply the superposition principle with difficulties.
The resulting vector is in a different direction.

7% 0%

Vectors cancel The students explain that the magnetic vectors cancel each other. 0% 9%
Other Other or unrelated 22% 13%
No answer Does not answer 3% 5%
Total 100% 100%
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of students in the E&M interference category in the first
question remain in the E&M interference category of the
second question. In magnetism, we observe that 27% of
students in this category in the first question correctly apply
the superposition principle in the second question, while
36% remain with the E&M interference difficulty. We can
see with this analysis that the difficulties of confusion
between the electricity and magnetism contexts remain
when applying the principle of superposition.

IV. DISCUSSION

We present a discussion of the main results. First, we
compare our results with items from known multiple-
choice conceptual surveys in the contexts of electricity
and magnetism with similar objectives. We then discuss the
emergence of the hybrid representations, which combine
features of vector plots and field lines, and how these
representations have been reported in the literature. This
hybrid representation emerged in both contexts, with a
combination of different features. Finally, we highlight the
main difficulties students have that might depend on
context and contrast with the difficulties reported in the
literature.

A. Comparisons between the understanding of the field
representation and the superposition principle in

electricity and magnetism

Throughout this contribution, we presented several
comparisons between students’ understanding of electric
and magnetic vector field concepts, applying the super-
position principle in both contexts, and the interaction
between these two skills. It is interesting to see these
comparisons because understanding the electric and mag-
netic fields and the superposition principle have been
studied for each context independently in the physics
education research literature. Being able to compare the
way students make sense of these abstract physical quan-
tities (i.e., the electric and magnetic fields), how they apply
the principle of superposition in two contexts and how their
understanding of the concept and the principle of super-
position relate to each other gives us insight into a different
way to approach the electricity and magnetism course.
For the electricity version, we did not find an item in the

CSEM, nor the BEMA, that we could use to compare to our
first item. The BEMA has two similar items (items 4 and 5),
but they include an electric dipole, which requires a more
complex type of answer; students need to apply the
principle of superposition in combination with identifying
the electric field. For this reason, in this section, we cannot
present this comparison in the electric context. We provide
the case of the magnetic context since the behavior of the
two questions was similar. We think that the situation that
we present in the first item of the electric field might be
considered trivial; however, from our results, we believe

that it is essential to identify the different ways in which
students approach such a simple situation.
For the magnetism version, we found that item 26 of the

CSEM is comparable to the first item of our study in the
magnetic context. In our results, the first item of magnetism
yielded three types of drawings, the correct vectors, the
hybrid representation, and the confusion with the electric
field. In the options of the CSEM, we can see that option
(a) corresponds with the correct answer, which would be
the vector drawing in our study. We can also identify that
two options, (b) and (d), could be related to the confusion
with the electric field since the vectors would point from the
wire to each position or vice versa. Option (c) would most
probably correspond with a mistake of direction while
using the right-hand rule. It is interesting to see that three of
the five options presented in the CSEM are consistent with
our findings. However, due to the nature of open-ended
questions, we were able to identify different types of
drawings and a wide range of explanations for the possible
correct answers.
In the CSEM, 67% of students chose the correct answer

(post-test, calculus-based students) [3]. In comparison, in
our study, we found 48% of students with the vector field
concept and 18% of students with the hybrid representation
(66% of students between the two categories). We highlight
the value of approaching these situations with open-ended
questions since we found different types of representations
that are not available in the multiple-choice instruments
[3,14–16].
Students use representations to conceptualize the field

concept [34]; when they are allowed to make their drawings
to answer a question, some opt for a different representation
(the hybrid between vectors and field lines). However,
when they have options to adhere to, they tend to choose
the option that more closely reflects their thinking. This
premise implies that, in a multiple-choice test, when
students select a correct answer, it does not always mean
that students have the correct conception of the electric or
magnetic field. In both contexts, we found that students
tend to make hybrid drawings that blend features from the
vector representation and the field line diagrams (we will
further discuss this in the next section).
Furthermore, their explanations sometimes imply an

incomplete description of the electric or magnetic fields.
Some students describe only the direction when they
explain that “the electric field is produced by a positive
charge” and when they explain that “the magnetic field
follows the right-hand rule.” The explanations are essential
in this type of question; it is not the same to appropriately
use the right-hand rule (which is a mnemonic process) than
to explain the relationship between the magnitude and
direction of the field with the Biot-Savart law.
The superposition questions are comparable to item 9 in

the CSEM for electricity, and item 23, for magnetism. In
item 9, we observe that option (b) presents the application
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of the superposition principle with 62% of students, while
options (c) and (d) present variations of confusion with
interactions (26% in total) [3]. In our results, we observe
that 35% of students applied the principle of superposition,
and 14% of students identified the contribution by each
source (49% in total). Only 14% of students presented the
difficulty of confusing the superposition with electrical
interactions.
In the magnetism context, we observe that in item 23 of

the CSEM option (a) is the correct application of the
superposition principle (63%), options (b) and (c) most
likely represent variations related to the confusion of
electricity and magnetism (20% in total), and choice
(d) presents difficulties when applying superposition
(8%) [3]. In our study, we found that 44% of students
applied superposition in this context, while 18% identified
the contribution by each source (62% of students between
the two variations). Only 5% of students presented inter-
ference with electricity, and only 2% of students presented
difficulties with graphic addition.
At least two steps are necessary to apply the super-

position principle effectively: first, the student needs to
identify the contribution that each source exerts on the
electric or magnetic field; second, the student needs to add
all the contributions in a vector sum. Our results suggest
that, in an open-ended approach, some students make only
the first step; they may deem the second step unnecessary.
However, in multiple-choice tests, the options they have are
of only one vector; they only consider the complete
application of the principle (after the second step) and
related difficulties. In the multiple-choice questionnaires
that we analyzed, none of the options considers that
students may identify the contributions by each source
and not perform the addition [3,14–16]. When students see
that the possible options only include one vector at the
position, they conclude that they need to add the contri-
butions by each source. Therefore, the possibilities of
multiple-choice tests might help students to realize that
they need to make the vector addition, which leads to more
students choosing the correct answer.

B. The hybrid representation
of the electric or the magnetic field

The drawings students make for the electric and mag-
netic field concepts provide insight into their understand-
ing. The drawings that we found were very revealing
because, in both contexts, we saw the typical vector
diagram [Fig. 3(a) for the electric field and Fig. 4(a) for
the magnetic field], but we also found that students make
their diagrams that combine characteristics of the vector
field plot and the field lines diagram, as shown in Figs. 3(b)
and 4(b) for each context.
In electricity, they drew arrows that start at the positive

charge and are directed towards the position where they
mean to obtain the electric field. We had observed this type

of diagram in a previous study [17]. We interpret this
drawing as a hybrid between the electric field lines
representation and the vector representation because it
shares a few characteristics. In this drawing, the arrows
start at the positive charge and end near the position or
extend farther away, which is one of the rules to draw
electric field lines. On the other hand, there are not enough
arrows to represent the magnitude of the field with the
density of field lines, so we think that in this case, the
arrow’s length denotes the electric field, which is a
characteristic of the vector representation. The direction
of the field would be the same in both representations in
this particular case. Because of these blended features, we
consider this drawing as a hybrid between the vector plot
and the electric field lines diagram.
In magnetism, they drew several curved arrows or other

variations that combine characteristics of the vector repre-
sentation and the magnetic field lines. To the best of our
knowledge, this hybrid representation of the magnetic field
has not been reported in the literature; other studies have
found that students interpret the field direction as the
curved direction of field lines in the context of the electric
field [12]. A similar representation has been reported by
Ref. [35] of mathematical representations without physical
context. We interpret this drawing as a hybrid between the
magnetic field lines’ representation and the vector repre-
sentation because it shares a few characteristics different
from those in the context of electric fields. In this drawing,
the arrows start at the positions, as vectors would. The
student does not seem to be very aware of the changes of
magnitude because there is no pattern in the size of the
arrow. The arrow’s direction is curved, following the circles
that magnetic field lines would trace. Because of these
blended features, we consider this drawing and other
similar ones as hybrids between the vector field plot and
the magnetic field lines diagram.
We think that students who make these hybrid drawings

in either context take some characteristics of each of the
representations, probably those they find helpful or that
they have memorized, and combine them to make meaning
of the concept. This conception is what we refer to as the
hybrid representation. Another aspect of this hybrid rep-
resentation is that students often combine it with explan-
ations that could also result from a rote learning process.
Examples of these explanations are the use of the right-
hand rule in magnetism or that positive charges create
radially outward electric fields in the context of electricity.
Our results did not find any students who would make a
hybrid drawing and explain the field concept using physical
principles.
As mentioned earlier, multiple-choice tests do not

include this drawing in their options [3,14–16]. One
advantage of using open-ended questionnaires is the
possibility to make these findings. It is crucial to identify
the difficulties of understanding that may arise from using
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hybrid representations because they can be addressed
explicitly through instruction. Since multiple-choice tests
do not present this type of representation, it is not easy to
detect these difficulties. When students do not see the
option that they are thinking within the possible choices,
they select the option that looks more similar to their
thinking. At first glance, we may think that these students
have a complete understanding of the field concept.
However, through open-ended questionnaires and detailed
analysis, we have confirmed that some students blend the
features of different representations and make partial or rote
learning explanations in both electric and magnetic
contexts.

C. Main conceptual difficulties found to be
dependent on context

Our results suggest the confusion between fields and
forces is more persistent in the context of the electric field
(13% of our students presented this difficulty). Even in the
context of the magnetic field, this difficulty implied a
confusion between the magnetic field and electric force. So
we see that electric interactions dominate this difficulty.
This difficulty is well known in the literature in the
electrical context [9,10,12,33]. Few studies have addressed
this difficulty in the magnetic context [2]. A recent study
[23] analyzed the interactions between positive charges in
uniform electric and magnetic fields. In the electric field,
we found a category for “impetus,” which was not present
in the context of the magnetic field. This result suggested
that students carry the alternative conception of the pre-
Galilean force and difficulties in applying the principle of
superposition [23]. In this present study, we add to the
discussion that the difficulties regarding the concept of
force remain more strongly in the context of electricity and
that the confusion with interactions affects the application
of the superposition principle.
On the other hand, in the context of the magnetic field,

the confusion between electricity and magnetism concepts
is more relevant (14% of our students presented this
difficulty). This result was a surprising finding because
the literature has suggested otherwise [4,23]. However, in
previous studies, the physical situations had been inter-
actions between charges and fields. Students are often more
familiar with the interactions between charges in motion in
uniform magnetic fields than in electric fields. In this study,
we asked students about the electric field or the magnetic
field created by a source, not about the interaction between
a charge and an existing uniform field. We think this
confusion was more prevalent in magnetism because
students have already memorized how a positive charge
creates the electric field. Therefore, only a small proportion
of students (6%) confused the electric charge with an
electric current, and a larger proportion of students (14%)
confused the electric current with an electric charge.

V. CONCLUSION

The objective of this study was to compare students’
conceptual understanding of the concept of electric and
magnetic fields in questions regarding the field created by
one source and the field created by a system of two sources.
We analyzed students’ answers to a question on the
understanding of the concept of field and a question on
applying the superposition principle in the contexts of
electricity and magnetism independently. We used a phe-
nomenographic approach to analyze students’ drawings
and explanations and create a hierarchical structure to
compare contexts.
We found that students have similar categories of under-

standing the concept of the electric and the magnetic field.
A complete understanding of the concept of field using the
vector field concept category and the Hybrid vectors and
field lines category do not have qualitative differences
between contexts. However, the Vector field concept
category is more frequent in both scenarios.
We compared our results with known conceptual surveys

from the literature. We found that the proportion of correct
answers in multiple-choice questions coincides with (i) the
proportion of students in both the vector field concept and
the hybrid vectors and field lines categories in the first
question, and (ii) with the proportion of students who
effectively apply the principle of superposition and the
students who identify the contribution by each source in the
second question. The correct answer in multiple-choice
questions may lead students who have mild difficulties
(such as memorization and creating a hybrid representa-
tion) to choose a correct answer; this makes these mild
difficulties harder to detect. The effect of multiple-choice
questions on students’ correct answers has been studied in the
context of astronomy; more students were able to choose the
correct answer in a multiple-choice test than those who were
able to explain their answer effectively [36]. It is also possible
that the correct answer helps students to realize the missing
steps that they need to apply in a superposition question. To
confirm these hypotheses, wewould need to conduct studies
designed explicitly as multiple-choice tests that include the
different representations that emerged with this open-ended
approach and include incomplete applications of the super-
position principle.
The emergence of the hybrid vectors and field lines

category is a finding by itself. The particularity of merging
two different representations (vector plots and field lines) in
two different contexts (electricity and magnetism), result-
ing in representations that would not be correct in the eyes
of an expert, but that allows students to make some sense of
the physical situation. The explanations that emerge with
the hybrid vectors and field lines category could result
from memorization processes, not necessarily a fully
developed field concept, which only emerged with the
vector representation.
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The difficulties that emerged regarding the field concept
are context dependent. Students have a higher tendency to
answer with a confusion with electric interactions in the
context of the electric field. In contrast, in the context of the
magnetic field, students have a higher tendency to present
E&M interference. This result is relevant since it might
indicate that we prefer making our instruction focused on
interactions in the electricity curriculum and less on the
magnetic counterpart. It could be understandable since the
introduction of the electric field is done through Coulomb’s
law (force) and that for the magnetic field, it is usually done
through Bio-Savart’s law (not force).
We found that the differences in applying the super-

position principle do not depend on the context of electricity
andmagnetism. In both contexts, there is an evident relation-
ship between applying the principle of superposition and the
understanding of the concept of field.We found that themore
significant proportion of students in the Vector field concept
results in the correct application of the principle of super-
position. We also found that students who draw hybrid
representations can apply the superposition principle cor-
rectly. Still, there is a tendency to identify the contribution
made by each charge without making the vector sum.
Additionally, we found that the confusion between fields
and forces is consistent with applying the principle of
superposition but ismore prominent in the electricity context.
We finally observed that thedifficulty of confusing electricity
and magnetism is persistent in both contexts.
The results from this investigation provide essential

information regarding the understanding that students have
of the concepts of electric and magnetic fields and the
application of the principle of superposition. Some impli-
cations for the teaching and learning of these concepts that
derive from this study is that there should be more emphasis
in the vector representation to create a fully developed field
concept that considers the relation between the definition of
the field and the Lorentz force, and the Coulomb’s and
Biot-Savart’s laws. Instructors should also consider that
some typical phrases that we regularly use in class get
attached to students’ language, even though they might not
necessarily interiorize the concepts, which results in the
repetition of rules that do not imply understanding. In this
effort, instructors should also clearly establish and highlight
the differences between forces and fields and between the
phenomena of electricity and magnetism.

Our study has several limitations. When interpreting
students’ answers to open-ended questions, there might be
a gap between what students choose to share in their
drawings and explanations and how they conceive each
phenomenon. Therefore, the analysis we performed is
limited by the evidence that we get only from students’
drawings and explanations. It is also essential to recognize
that the hierarchical structure of the categories is formed
through interpretation done by the researchers and is
therefore limited by the access that we have to students’
answers and our own experiences. The phenomenographic
approach used in this study allowed us to find variations of
drawings and explanations that would not be available with
a multiple-choice approach. However, having open-ended
questions also allows more room for dispersing answers
that could be regarded as noise.
From these limitations, there is an opportunity for further

research. It would be interesting to complement this kind of
comparison with multiple-choice questionnaires since the
results are not prone to the researchers’ interpretation; they
allow statistical analyses and reduce noise. If the aim is to
deepen into students’ thinking, it would also be interesting to
interview them regarding electric and magnetic fields, the
principle of superposition, interactions, and other fundamen-
tal concepts and principles in the electricity and magnetism
curriculum. There is yet much to explore around the
comparisons between the understanding of electricity and
magnetism concepts. The parallelism between concepts
proposed in this study is one of the possible approaches to
this kind of comparison. This kind of comparison could also
be transferred into different contexts of physics where
parallelism between concepts exists.
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APPENDIX

We present the categories of explanation that emerged in
the first question of electricity in Table III and of magnet-
ism in Table IV.

TABLE III. We present the categories of explanation in the first question of the electric context.

Category Description Example

Field concept The students state that a test charge would exhibit
a force (of repulsion) if it were placed at the positions
marked. This is considered the electric field concept
because it relates to the Lorentz equation, E ¼ F=q

“If there were a positive test charge, it would
move in the direction of the force because
it experiences an electric field.”

(Table continued)
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TABLE III. (Continued)

Category Description Example

Positive charges The students in this category of explanation stated
that positive charges have an outward electric field

“The electric field vectors will be pointing
outward since the charge is positive
and with the same magnitude.”

Distance The students in this category explained that the
electric field magnitude is the same at both
positions because they are at the same distance
from the charge

“The electric field at both positions has
the same magnitude because they are at the same
distance, just in a different direction.”

Repulsion The students in this category of explanation
stated that there is repulsion between the
positive charge and the positions

“The arrows are of the same magnitude
and with direction opposite to
the charge because þq repels the two positions.”

Test charge The students in this category of explanation
treated the position as a test charge, which implied
that there would be repulsion

“I considered the x as a positive sign þ,
the electric field at the two positions
would point outward.”

Electric current
and magnetic
field

The students in this category made drawings
and explanations that correspond with the drawing
category “Confusion between electric
and magnetic fields,” which implies
confusion with the magnetic
field created by an outward electric current

“Right-hand rule.”

TABLE IV. We present the categories of explanation in the first question of the magnetic context.

Category Description Example

Field concept The students in this category of explanation
stated that the magnetic field is the same
at both positions because they are at the
same distance, and the direction is given
by a cross product and the right-hand rule.
In their explanation, the student emphasized
the current and the vector between the position
and the current. The combination of these
explanations adds to a complete understanding
of the Biot-Savart law.

“I used the right-hand rule for a wire
transporting current to get the direction of the
field, which is counter-clockwise. I got the
direction from there. There should also be a
90° angle between the line from the wire to the
point and the direction of the field. They have
the same magnitude because they are at the
same distance.”

Right-hand rule The students in this category of explanation
stated that they used the right-hand rule to
get the direction of the magnetic field at
both positions. They do not refer to the
magnitude of the magnetic field.

“The wire has an outward current; using
the right-hand rule, you can know
the direction of the magnetic field.”

The positive,
outward current

The students in this category of explanation
stated that positive outward currents have
a counter-clockwise magnetic field

“Since the current on the wire is outward,
the magnetic field is counter-clockwise;
therefore, it has a given direction
in the positions.”

Distance Both positions are at the same distance from
the wire. The students in this category
explained that the magnetic field magnitude
is the same at both positions because they
are at the same distance from the wire.

“Using the right-hand rule and knowing
that the two positions are at the
same distance, we know that the magnetic
field is the same in both points
and is counter-clockwise.”

Relation to the electric
field: Attraction and
repulsion

The students in this category of explanation
stated that there is repulsion between
the positive outward current and the positions

“The current, being þ [positive],
repels the point charges (x)”

Relation to the electric
field: Treats the
wire as a positive point
charge

The students in this category of
explanation stated that positive
charges create an outward magnetic field.

“The magnetic field in a positive charge of
this type causes a magnetic field
outward from the cable.”
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