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This study examines the causal reasoning that university students use to explain how dc circuits work.
We analyze how students use the concepts of electric field and potential difference in their explanatory
models of dc circuits, and what kinds of reasoning they use at the macroscopic and microscopic levels in
their explanations. This knowledge is essential to help instructors design and implement new teaching
approaches that encourage students to articulate the macroscopic and microscopic levels of description. A
questionnaire with an emphasis on explanations was used to analyze students’ reasoning. In this analysis of
students’ reasoning in the microscopic and macroscopic modeling processes in a dc circuit, we refer to
epistemological studies of scientific explanations. We conclude that the student explanations fall into three
main categories of reasoning. The vast majority of students employ an explanatory model based on simple
or linear causality and on relational reasoning. Moreover, around a third of students use a relational
reasoning that relates two magnitudes current and resistance or conductivity of the material, which is
included in a macroscopic explanatory model based on Ohm’s law and the conservation of the current. In
addition, few students situate the explanations at the microscopic level (charges or electrons) with
unidirectional cause-effect reasoning. This study looks at a number of aspects that have been little
mentioned in previous research at the university level, about the reasoning types students use when
establishing macro-micro relationships and some possible difficulties with complex reasoning.
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I. INTRODUCTION

The explanation of simple dc electric circuits with
resistors is a complex topic in physics, which involves
physical laws, microscopic model of matter, and coherence
in linking different concepts of electricity. When students
reason about electric circuits, they have to integrate and
apply basic concepts such as electric charge, electric
potential, electric current, and electric field. Previous
research on students’ understanding of dc resistive circuits
has been developed with primary and secondary students’
models of current [1–4]. It is also consistently reported that
many students at the secondary and university levels use
electricity in a fragmented way, without linking electro-
statics and electrodynamics. Students tend to regard chap-
ters of electrostatics and dc circuits as two separate areas
[5–9]. Therefore, clarifying students’ understanding of
electric circuits is one of the most important topics in
physics education research [10].
Regarding previous studies, it is well established that

electric potential is one of the concepts giving students the

greatest learning difficulties when interpreting electric
circuits. Moreover, students are unable to define consis-
tently current and potential differences, and they do not get
to discriminate clearly between them. In addition, students
frequently do not understand that the potential difference
between two points in a circuit depends on its topology
[2,11,12]. Härtel [13] found that students conceive the
battery of a dc circuit as a device that supplies “constant
current” rather than one that constantly maintains the
potential difference between its poles. Several studies on
students’ ideas about electrical circuits found that many
students’ explanations are usually based on electricity, as
flow, describing macrolevel phenomena, but their explan-
ations are not concerned with the microlevel nature of
charges and the electric field acting on them [14].
Some studies point out that, often, there is a discontinuity

in the presentation of the electrostatics and electric circuit
topics in standard introductory physics courses [14,15]. In
electrostatics, the attention is focused on electric charges,
on the electric field produced by distributed charges, and on
electric potential. Then, in the next chapter, the instruction
is focused on batteries, resistors, current, and capacitors.
However, the role played by the electric field on the
movement of electrons in the wire or the relations between
electric field and potential difference through the circuit are
rarely dealt with in textbooks at the introductory level. Of
course, the vast majority of textbooks at the university level
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explicitly define the relationships between field, potential
difference, and electric current, but more emphasis is often
placed on the communication of quantitative relations
among concepts and laws than the role played by the
concepts and laws in the electron model that explain
macroscopic phenomena with microscopic particles. In
textbooks, this macro-micro relationship is explained in a
single step [16]. For example, the electric current is defined
as I ¼ n q vd A, at themicroscopic level. Next, in Sec. II, the
Ohm’s law for resistive circuits is defined as I ¼ ΔV=R, at
the macroscopic level [17], followed by the mathematical
relationship between equations I ¼ ΔV=R and E⃗ ¼ ρJ⃗ [18].
However, this step in the explanation process is a major leap
as the level of abstraction increases considerably from the
visibleworld to the abstract andmicroscopic level [19]. This
downplaying the aspects macro-micro in modeling electric
circuits may in part be due to not taking into account all the
characteristics of the electronmodel. Traditional approaches
of teaching electric circuits may justify this lack of emphasis
by stating that in many instances students can obtain a
correct answer in numerical exercises without being able to
distinguish between themacro-micro aspects of the concepts
(for example, using the application of Kirchhoff’s laws).
Therefore, it might be argued that it is not worthwhile to
emphasize the subtle difference between the microscopic
andmacroscopic aspects of the concepts involved in electron
models.
While proposals for not addressing the distinction

between macro and micro characteristics of the model
have some merit, we feel the arguments for making such
distinctions are stronger. First, it is common practice in the
teaching of thermodynamics to make a distinction between
state variables at the macroscopic level and their interpre-
tation at the microscopic level. For example, the variable
“temperature” of a gas. The instructor usually draws a
distinction between its macroscopic definition at the
phenomenological level and the statistical notion of tem-
perature related to the average kinetic energy of particles at
the microscopic level. This microscopic definition of
temperature is necessary to understand the internal heat
energy of a gas as the kinetic energy of a perfect gas.
Hence, it is difficult to argue that it is too demanding to
distinguish between the macroscopic and microscopic
aspects of the concepts, including in the electron model.
On the other hand, there is often a need to find an
alternative to a purely macroscopic description. We are
often left at the macroscopic scale, with explanations such
as “this law, or this other law, tells us that things have to be
this way.” These types of explanations are insufficient to
satisfy students, especially when alternative conceptions
appear on the way of learning.
Moreover, there has been a growing consensus that

students benefit from being exposed to microlevel phenom-
ena that govern electricity and dc circuits [20,21]. Being
inherently abstract, electricity provides an excellent

foundation for teaching model building and concept linking
between macroscopic-level and microscopic-level descrip-
tions. These models, such as the gradient surface charge-
based micromodel or dc circuit theory using a field model
[22,23] are based on epistemological and content analysis
and/or students’ difficulties and reasoning and they aim to
promote students’ articulation of the macroscopic and
microscopic levels of description [24–26]. These studies
consider that an explanation is at themacroscopic levelwhen
it is focused on the physical quantities, such as resistance,
current, and potential difference from the overall perspective
of the circuit. They mention the conventional current and
the quantities at the level of operational definitions (for
example, Ohms’ law or the formula that relates potential and
field). They also consider that the explanation is at the
microscopic level when it is focused at the local level in
terms of electrons, electron current, or charge density [27]. It
would clearly be advantageous if students were already used
to seeing circuits as being driven by an electric field that acts
on electrons at the microscopic level (whether or not this
results in a conventional current at the macroscopic level).
Instead, after covering electrostatics, students are often
confronted with a new situation (e.g., electrokinetic phe-
nomena) that not only leads to new phenomena (charges of
movement in a wire) but also challenges their view that an
electric field is required for a current to flow in a wire.
Our study addresses students’ types of reasoning in the

scientific explanation of dc resistive circuits. In particular,
we analyze the kinds of reasoning that students use at the
macroscopic and microscopic levels in their explanations,
when tackling electric and potential difference concepts in
the explanation of dc circuits. This study is part of a broader
research project whose aim is to design, implement, and
assess a teaching-learning sequence on electrical circuits
for foundation level courses on physics at university.
The study presented here adds to prior research on the

examination of students’ reasoning on explanations of dc
circuits in introductory physics courses for science and
engineering. Using an open-ended questionnaire, we show
in detail the reasoning that students receiving traditional
instruction at the university level follow on microscopic
modeling of physical processes for dc resistive circuits. We
are particularly interested in the causal models that students
use relating electric fields and potential difference quan-
tities and macroscopic-microscopic explanations. The over-
all aims of this study are the following:

(i) to acquire a vision of students’ reasoning when they
use the concepts of electrical field and potential
difference when explaining how dc circuits work;

(ii) to analyze and interpret students’ responses to the
questionnaire within the framework of studies on
scientific reasoning;

(iii) to identify specific cues that will help to understand
students’ difficulties in learning explanatory scien-
tific models of dc electrical circuits.
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This paper is organized as follows. First the theoretical
framework that underpins this work will be discussed in
Sec. II. This is followed (Sec. III) by a description of the
research methodology, which includes a description of the
data collection, questionnaire, and analysis procedure. In
Sec. IV, each of these questions is analyzed as well as its
relationship with the objectives of the study. The ques-
tionnaire results are shown in Sec. V, where examples are
presented of student responses according to the epistemo-
logical framework selected. In Sec. VI we consider to what
extent the types of reasoning are appropriate in order to
interpret the results and we summarize our conclusions and
potential implications for teaching.

II. THEORETICAL FRAMEWORK

Scientific reasoning is characterized by the use of models
and modeling. Models are used by scientists as represen-
tations of how systems are structured and behave [28]. The
educational value of models and modeling is accepted as an
essential part of science education by the international
community [29]. This emphasis on student modeling of
concepts has been shown to result in deeper understanding.
However, when we refer to students’ types of reasoning in
scientific explanation, we have in mind more than just
fostering the process of building models; we want to
analyze students’ different types of reasoning that support
the model. The teaching of resistive electrical circuits is an
example of using scientific reasoning based on models. So,
it is important to pose the question about students’ causal
reasoning during the modeling of dc resistive circuits.
Students often provide explanations that are incorrect from
the standpoint of physics.
These explanations are interpreted, according to the

epistemology of science and cognitive psychology, as a
consequence of the narrow range of types of causal models
with which most students are familiar [30,31]. For instance,
students use simple causal reasoning (A affects B) when
faced with constraint system models such as Ohm’s law or
the gradient surface charge model, which would require a
more complex reasoning. Most students are only familiar
with relatively simple types of causal models, but many
concepts and theories in science depend on styles that are
substantially more complex in ways that we will define
shortly. We consider the frameworks of the epistemology of
science and cognitive psychology as suitable for an analysis
of students’ explanation in the domain of dc circuits.
There are several theoretical frameworks that can be used

to investigate students’ causal reasoning [30–33]. These
frameworks about scientific explanations are not mutually
exclusive and may even complement each other. Although
there is no single epistemological or cognitive theory about
how scientists reason, some types of reasoning can be
summarized that are widely accepted by the research
community. In this article, we analyze the students’
answers to the questionnaire according to four types of

causal reasoning that are widely accepted in epistemologi-
cal studies of scientific explanations.
One of the types of reasoning that is termed “simple

causal reasoning,” establishes a causal relationship between
a certain cause C and a certain effect E [30,31]. This is
simple causality offering an elementary explanation of the
phenomenon. For example, “the electrical current produces
the electric field in the wire” or “the potential difference
generates the electric field.” A second type of causal
reasoning is based on the principle that the cause of the
change observed in a system is to be found outside the
system and the integration of the various agents constitutes
its explanatory power; this is referred to as “linear causal
reasoning.” Halbwachs [30] defines this type of causal
reasoning as the tendency to juxtapose a number of simple
causal relations to form a new ordered relation, a causal
chain in which every cause is the result of another cause, or
every result is the cause of another result. Often, after
establishing a few simple causal links (A, B, C), the
reasoning operates in a causal chain A ∼ B ∼ C with one
process producing the other either successively or simulta-
neously. For example, “the charge density distribution in
the wire generates an electric field in the wire. This electric
field produces the potential difference in each part of the
circuit, depending on the resistance.” A chain of simple
causal links is constructed between the event A, the charge
density distribution produces electric field and event B, the
electric field produces potential difference. This happens in
each part of the circuit and so this linear reasoning has the
form of a causal chain: charge density distribution∼ electric
field∼ potential difference.
A third type of reasoning, “relational reasoning or

relational causality”, is used where the outcome is due
to the relationship between two variables (physical quan-
tities) of the system. Grotzer [31] finds that these relation-
ships are not an explanation by themselves but have an
explanatory character due to the prediction of how the
system will behave. For example, “the electric field is the
result of the relationship between the concentration of
electrons and the width of the wire.” In this explanation, the
relationship between two variables (concentration of elec-
trons and width of the wire) predicts the value of the electric
field. In the case of relational reasoning, one needs the
relationship between two variables of the system that leads
to a result. Conversely, in the simple causal or linear causal
reasoning, the principal characteristic is the link between
two or more events.
Finally, in scientific inquiry we frequently find a fourth

type of reasoning that Perkins and Grotzer [32] call
“multilevel reasoning,” where the description of the system
is more refined, using different models of description that
are interrelated; for example, Ohm’s model, or the gradient
surface charges micromodel as a framework for explaining
the electric circuit processes. Thus, they correlate two
different descriptions of the same system at two different

STUDENTS’ REASONING WHEN … PHYS. REV. PHYS. EDUC. RES. 13, 010128 (2017)

010128-3



levels of analysis (focuses on electron current at the local
level, or on conventional current at the global systemic
level). In this case the explanatory strength lies in the fact
that the laws of the “deeper” model allow of the laws of the
initial model to be deduced.

III. THE STUDY

To address the objectives of the study, we gave 141
students at the University of the Basque Country (Spain) a
questionnaire (see Appendix) on dc resistive circuits as part
of their first-year final exam. They had taken two years of
physics at high school and received 3.5 h of lectures on
electromagnetism and spent 2 h in the laboratory per week
for 14 weeks in their second semester. Experienced
teachers from the Department of Physics gave the lectures.
The program electric current and direct current circuits
were taught for two weeks of this course. The students used
the textbook “Physics for scientists and engineers” by
Tipler and Mosca [17]. The lectures, which include
problem-solving exercises, dealt with current and the
motion of charges, resistance, batteries, and Ohm’s Law,
combinations of resistors, Kirchhoff’s rules, and RC
circuits. Traditional teaching presented the current as the
movement of electrons through the wire and defines current
at the microscopic level. In the following, Ohm’s law is
defined for resistive circuits at the macroscopic level and
the equation J ¼ σ E at the microscopic level. The tradi-
tional teaching in the Physics Department also analyzed
how to use Kirchhoff’s rules to calculate the energy balance
in the circuit at the macroscopic level, and examples similar
to those appearing in textbooks were given [17]. Situations
where it is useful to take into account energy supplied by
the battery and the energy consumed by resistors were
presented and analyzed at the macroscopic level and with
experimental data.
Once the questionnaire had been prepared, it was

validated in terms of contents and aims. First, experienced
members of the Applied Physics Department answered
the questionnaire and made suggestions that were consid-
ered in the final draft of the questionnaire. Second, we
carried out a dry run with first-year course students, which
confirmed that students had no problem understanding how
the questions were formulated. Finally, these questions
were included in the first-year students’ end of term
examination.
In order to characterize the responses, the comments

recognized as “an explanation” were coded, based on
categories with easily recognizable features, such as sci-
entific statements and argumentation from the four types of
reasoning defined in the theoretical framework [30,31].
This involved one member of the research team reading the
students’ answers and deriving a draft set of description
categories for each question. The same researcher then
reread the students’ answers and tentatively allocated each
answer to one of the draft categories. The other researchers

carried out the latter task independently. Once the answers
had been classified, answer allocations were compared and
a very significant degree of agreement was reached with a
Cohen’s kappa reliability coefficient average of 0.86. Any
disagreements about category description or answer allo-
cations were resolved by referring to the answers as the
only evidence of students’ understanding. The focus was on
the students’ understanding, taking the students’ answer as
a whole, rather than on the occurrence of particular state-
ments corresponding to a specific category of explanation
[34]. An iterative process was used to produce the final-
category descriptions that reflected similar understanding
among answers allocated to each category and the
differences between the categories [35].

IV. EXPERIMENTAL DESIGN

In this section, we describe the three questions com-
pleted by the students (see Appendix). Question Q1 sets out
to explore the types of reasoning that students have in
relating the concept of field that they have worked on in
electrostatics with the same concept used in dc circuits. The
aim of this question is to inquire if students are able to
distinguish between the role of electric field in a cylindrical
conductor in electrostatics and the role into the wire of a
circuit in stationary state.
Questions Q2 and Q3 set out to explore the difficulties

students have in relating the movement of charges in a dc
electric circuit with the electric field that is generated inside
the conductor wire, and with the potential difference
between the two points of the circuit. The students are
presented with two simple dc circuits; one of them, in
question Q2, with a carbon resistance, and the other, in
question Q3, with a narrowing of the conductor wire
(which acts as “resistance”). Question Q2 presents a
situation of direct current in a static state in a simple dc
circuit, which is familiar for the students in an academic
context. Question Q3 presents a similar situation to that in
Q2, but in this case the resistance is represented by a cable
that is narrower than in the rest of the circuit. In both
questions, the circuit has been connected for a long period,
and therefore the current circulating through it is constant.
In the first section, Q2A and Q3A, the students need to
identify the diagram that correctly represents the electric
field at two points of the circuit. In the second section, Q2B
and Q3B, they are asked about the meaning of the potential
difference between two points of a circuit (Q3B) and, in
particular, about the relation between the potential differ-
ence and the distribution of the charges in the cable of the
circuit (Q2B).
The students, in order to respond correctly to Questions

Q2A and Q2B, can use a macroscopic or microscopic
explanatory level. At the macroscopic level, the students
must indicate that in the steady state the current is the same
throughout the circuit and therefore the electric field in the
resistance must be greater than in the copper cable so that
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the speed of the sea of electrons will be constant throughout
the circuit. From a microscopic perspective, the students
must bear in mind that the flow of electrons must be equal
throughout the circuit: nAuCuEA ¼ nAuCEB. In question
Q2A, carbon possesses much less mobility of the electrons
uC than copper uCu (uCu > uC) and since the density of
mobile electrons n and the area A of the cable section are
equal, the electric field tends towards a uniform large
magnitude throughout the carbon and uniform small
magnitude throughout the copper EA < EB. In question
Q3A, the cable section varies AA > AB and so EA < EB.
Both explanatory models have been studied by the students
during the course and are the ones the students are expected
to use to solve the problem in the question. However, as we
shall see from the results, explanations of this type are
practically nonexistent in their responses.
The analysis of the question can be made in greater depth

if one takes into account the gradient surface charges model
(see, for example, Chabay and Sherwood [26], Chap. 19, or
Härtel [36]). However, we do not expect this type of
explanation, as the students in the sample have not been
exposed to this model.
In questions Q2B and Q3B, in order to answer correctly,

students can explain at the macroscopic level that for the
circulation of charges between two points of a conductor,
there needs to be a potential difference between the two
points. They can also establish a relation between the
potential difference generated by the battery and the
potential difference in the different parts of the circuit
and the current. At the microscopic level, students can
relate the variation of concentration of charges at the local
level and the potential difference. They can remember from
electrostatics that different distributions of charges in the

space produce an electric field and so, a potential differ-
ence. In question Q2B, the students are explicitly asked to
relate the electrical potential with the distribution of
charges at the microlevel, while in question Q3B the
question is more open ended and they can establish a
relation at the macro- or microlevel.

V. RESULTS AND DISCUSSION

In this section, we give the results obtained for all three
questions. As we commented before, the aim of the analysis
is not to see how many students answered correctly and
howmany did not. It is a research focused on the analysis of
students’ reasoning to explain the behaviour of dc circuits.
Thus, students’ responses have been grouped into different
types of reasoning linked with categories of explanations.
We identify some ways of reasoning and conceptual
difficulties, which seem to be common in many students.
This description of students’ ideas will concentrate on some
persistent specific categories of ideas and how we might
interpret them through the lens of four types of reasoning.
It is important to notice that the argumentation of the
explanation (i.e., the explanatory category) is directly
related to the form of reasoning in the context of solving
the question.
The results of the students’ answers to the first questions

are given as percentages in Table I.
Explanations in the first category (I) use a simple causal

reasoning: “If there is current, there is an electric field.”
Examples of this type of response are

“An electric field appears in the cable because we have
an electric current. In the electrostatic state the situation
was stationary”.

TABLE I. Types of reasoning and explanations in question Q1, which asks about the concept of electric field in
electrostatics and dc circuit contexts.

Type of reasoning Category of explanation Percentage (N ¼ 141)

1.1. Microlevel simple causal (gradient of
concentration of charges-electric field or
potential difference)

0.0

1.2. Macrolevel simple causal (current-electric
field)

I. If there is a current, there is an
electric field

39.0

2.1. Microlevel linear causal (gradient of
concentration of charges-potential difference)

0.0

2.2. Macrolevel linear causal (battery-potential
difference-electric field)

II. The potential difference generates
the electric field in the cable.

21.0

3.1. Microlevel relational causal (relation
between current and resistance produces field
or potential difference)

0.0

3.2. Macrolevel relational causal (relation
between current and resistance produces field
or potential difference)

0.0

No logical line of reasoning 17.0
No answer 23.0
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“The current in the wire produces an electric field. This
situation is different from electrostatic situation, where
the electric field was zero because there is not current”.

In these explanations, a simple causal reasoning is
established between a cause, “electric current” and an
effect, “electric field”. In the category of explanations I,
the cause is a description of the physical entities presented
in the question (phenomenological orientation), in this case
the electric current, but the relation with the effect is not
linked to relevant concepts or with other theoretical
connections. These explanations focus at the macroscopic
level; they fail to mention explicitly the mechanism that
underlies the current producing the electric field.
Explanation II “the potential difference generates the

electric field,” states that the cause of the existence of the
electric field in the cable is the potential difference
generated by the battery. The justifications follow a linear
causal reasoning: the battery generates potential difference
and this in turn generates the electric field in the cable.
The students’ explanations are incorrect as the battery is not
the only factor that is responsible for the electric field in the
conductor wire. However, this is the explanation that is
closest to the scientific one among the students’ explan-
ations. No explanation explicitly mentioned the underlying
mechanism of the causal process. An example of this type
of response is

“When there is a current flowing, it means that the cable
is connected to a battery that generates a potential
difference. The potential difference produces the electric
field inside the cable, which makes the electrons move.”

Just three responses establish mathematical relations
between the electric field and electric potential. As an
example,

“As the question states, the electric field E is zero in the
cylinder when it is in an electrostatic situation. Never-
theless, if current flows then it is no longer in equilib-
rium since there are electrons in movement. Also, if the
charges move there is a potential difference between the
opposite ends of the cylinder. Then: Vab ¼

R
E⃗ · dl

!
. If

there is a potential difference. the field is other than
zero”

The students’ answers to questions Q2A and Q3A are
shown in Table II.
Explanation I is very much a minority response and

includes those responses that explain the value of the
electric field based on the concentration of electrons inside
the wire. This explanation includes a simple causal line
of reasoning that postulates the concentration of electrons
in the wire as the cause of the electric field: charge
density distribution→electric field. This model focuses

TABLE II. Explanation categories to the relations between current and electric field in the first part of questions Q2A and Q3A.

Type of reasoning Category of explanation
Q2A percentage

(N ¼ 141)
Q3A percentage

(N ¼ 141)

1.1. Microlevel simple causal (gradient
of concentration of charges-electric
field or potential difference)

I. The concentration or difference of
concentration of electrons in each part
of the circuit produces the electric field

1.0 4.5

1.2. Macrolevel simple causal
(current-electric field)

II. The electric current generates electric field 10.5 33.0

2.1. Microlevel linear causal
(gradient of concentration of
charges-potential difference)

0.0 0.0

2.2. Macrolevel linear causal
(battery-potential difference-electric
field)

0.0 0.0

3.1. Microlevel relational causal (relation
between current and resistance
produces field or potential difference)

0.0 0.0

3.2. Macrolevel relational causal
(relation between current and resistance
produces field or potential difference)

III.a. The electric field is proportional
to the conductivity of the material

38.0

III.b. The electric field value depends on the
width of the cable and the current

38.5

No logical line of reasoning 50.5 24.0

No answer 0.0 0.0
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its explanation at the microscopic level—on the concen-
tration of electrons in the wire. The students make an
erroneous interpretation that the distribution of the charges
responsible for the electric field is to be found inside the
wire. It should be stressed that these responses do not
explain what the mechanism is that generates the distri-
bution of the charge throughout the circuit and this leads to
responses of all kinds. That is to say, with the same
reasoning based on the misunderstanding of the concepts,
they choose different options for the question. Most of the
responses are like the examples shown below:

“Ea is less than Eb because the charge at A produces a
larger electric field at B because it is a larger charge.
There is a greater concentration of charges in the
carbon than in the conductor cable.”
“A smaller charge flowing in the thick wire (B point)
means there will be less electric field.”
“The same charge flows through point A and point B
therefore the electric field is the same at both points.”

Category of explanation II brings together those
responses that relate the value of the electric field with
that of the current. The explanations in this category focus
on establishing a simple causal reasoning (current→field)
with a phenomenological orientation. This explanation is
similar to the one we find in explanation I of question Q1.
The explanations do not explicitly identify the underlying
mechanism of the current that produces the electric field,
but the vast majority (85%) choose the option EA ¼ EB.
This example is typical of this category:

“The current in the circuit is constant, which means
that the electric field must be equal at the two points A
and B.”

This type or reasoning pursues an overgeneralization of
the empirical rule that states that in a steady state the
amperage of the current is the same, then generalizes by
stating that the magnitude of the electric field is likewise
the same.
Explanation category III includes responses that set up

a relation between the electric field and the conductivity
of the material for question Q2A (explanation IIIa).
For question Q3A, due to the analogy used, a similar
type of reasoning is applied to the variable “cable width”
(area of the cable section) (explanation IIIb). In both
cases a relational reasoning is used to explain the
response in terms of the relation between two variables:
either conductivity or width and current, to arrive at a
conclusion about the magnitude of the electric field [37].
However, the underlying mechanism of the functional
relation is not described. This lack of justification of the
relational mechanism leads the relational line of reason-
ing to choose different options (56% EA > EB, 29%
EA < EB, 15% EA ¼ EB in Q2A; 62% EA > EB, 13%

EA < EB, 25% EA ¼ EB in Q3A). Examples of this type
of response are

“The conductivity of carbon is less than that of copper.
So the carbon needs a larger electric field than copper
to maintain the same current.” (question 2A)
“The E field in the smaller portion of the wire will be
smaller because there is a smaller charge (current) in
that portion.” (question 3A)
“EA is less than EB because the electrons will accu-
mulate progressively in the narrow section, thus creat-
ing a larger electric field.” (question 3A)

The students’ answers to questions Q2B and Q3B are
shown in Table III.
Although question Q3B does not explicitly ask for a

macro-micro relation in the answer, we have observed that
the percentage of responses at the microscopic level is
similar both in question Q3B and in Q2B. 12% of
explanations are in category I, which consists in a simple
causal reasoning that claims that the difference in the
electron density is the cause of the potential difference:
charge density distribution→the potential difference. In this
kind of answer there is a single cause (concentration or
concentration difference of charges) that produces a result
(potential difference). For example,

“A bigger change in charge density means a larger
potential difference.” (question 2B)
“Yes, there is a potential difference because the charge
density changes from point A to point B. The cable gets
narrower.” (question 3B)

Around 8% of the explanations are in explana-
tion category II, which exhibits a linear causal reason-
ing in which a sequence is established: fromcharge
densitydistribution→electricfield→thepotentialdifference.
In these responses, a chain of simple causal links is
constructed between the event “charge density distribu-
tion,” the event “existence of electric field” and the event
“generation of potential difference.” For example,

“Yes, the charge density can affect the electric field and
the potential difference depends on the electric field.”
(question 2B)

Explanation category III (around 25%) is based on a
relational reasoning, where the cause is the relation
established by Ohm’s law between the magnitudes current
and resistance to affect the potential difference. For
example,

“The amperage does not change in the circuit but
between points A and B the resistance (width) changes,
therefore, the potential difference also changes accord-
ing to Ohm’s law.” (Question 3B)
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In explanation category III the relationship between the
resistance and current quantities leads to the outcome of
change of potential difference (relational reasoning). The
relationship is Ohms’ law, which is not an explanation of
the mechanism of the potential difference change, but
rather predicts the behavior of the system.
In all of the questions there is a significant percentage of

responses that present concepts of electrical theory without
a rationale or a logical connection. Moreover, around one-
quarter of the students did not answer. These results show
the high degree of difficulty students encounter when they
have to relate the explanatory model of electric current with
the concepts of electric field and potential difference at
macroscopic and microscopic levels.
The results suggest that when students construct models

to explain the role of electric field and potential difference
concepts in the working of dc circuits, they can use specific
types of reasoning such as simple causal, linear causal, or
relational. Further, these results show that the lack of
comprehension of the mechanisms underlying the model
can lead to different and even opposite conclusions even
when using the same model.
A fraction of the students use a simple causal reasoning

to explain the relations between the explanatory model of
the circuit and the electric field or the potential difference.
Very few students, around 5%–12%, situate the explan-
ations at the microscopic level (charges or electrons). At the
microscopic level, the explanations use a simple cause-
effect scheme: the concentration of charges produces the
electric field or the potential difference. Almost all answers

that mention the concentration of charges situated the
charges inside the wire (violation of the principle of
conservation of charge) or at the poles of the battery
(incomplete explanation). Most of the explanations that
use simple causal reasoning are made at the macroscopic
level, from 10.5% to 39%. The reasoning claims that the
current is the cause of the electric field. The reasoning
describes a physical regularity in a simplistic manner: “the
electric current,” to arrive at an incorrect conclusion. This
type of reasoning has very little explanatory power and fails
to describe the mechanism that explains the cause-effect
relation.
Some other students presented explanations based on a

more complex form of reasoning, namely, linear causal. In
question Q1, all explanations that use linear causal reason-
ing are situated at the macroscopic level. These responses
set up a chain of events: the battery produces a potential
difference and this produces the electric field. The very few
responses that focus on the microscopic level (around 7%
in questions Q2B y Q3B) exhibit a cause-effect chain: the
battery produces a concentration of charges and this
concentration produces a potential difference. The omis-
sion of any explanation of the causal mechanism at both the
microscopic and macroscopic levels reveals the lack of
complexity in the explanatory reasoning and the diversity
of responses grounded in poorly understood concepts.
The reasoning used by the majority of the students in Q2

and Q3 is a relational reasoning at the macroscopic level
(25%–38.5%), which relates two magnitudes (current and
resistance or conductivity of the material) that are included

TABLE III. Categories of explanation to the definition of potential difference in Q3B and its relation to charges distributions in Q2B.

Type of reasoning Category of explanation
Q2B percentage

(N ¼ 141)
Q3B percentage

(N ¼ 141)

1.1. Microlevel simple causal (gradient of
concentration of charges-electric field or
potential difference)

I. The distribution of the charges
generates potential difference

12.0 12.0

1.2. Macrolevel simple causal
(current-electric field)

0.0 0.0

2.1. Microlevel linear causal (gradient of
concentration of charges-potential
difference)

II. Charge density distribution implies
electric field that generates the
potential difference

8.0 7.0

2.2. Macrolevel linear causal
(battery-potential difference-electric field)

0.0 0.0

3.1. Microlevel relational causal (relation
between current and resistance produces
field or potential difference)

0.0 0.0

3.2. Macrolevel relational causal (relation
between current and resistance produces
field or potential difference)

III. The potential difference between
two points of the circuit is measured by
Ohm’s law (There is no relation
between the potential difference and
the concentration of charges in the
cable)

25.0 27.0

No logical line of reasoning 31.0 27.5
No answer 24.0 26.5
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in a macroscopic explanatory model based on Ohm’s law
and the conservation of the current. These explanations
explicitly state that the underlying mechanism is the
mathematical relation between the variables current and
resistance. Further, they constitute a model of reasoning
that is more relational than cause effect, as the value of the
electric field or of the potential difference depends on a
mathematical relation (Ohm’s law). This reasoning is an
interactive process in time and is auto-adjustable between
the variables’ current and resistance to obtain a concrete
result of the potential difference [29]. Thus, the relational
form of reasoning is more complex and has more explana-
tory power than the two forms of reasoning previously
discussed. This result differs from those of previous studies
with secondary-level students, which found that the vast
majority of the students used a simple causal form of
reasoning with little comprehension of the concepts
involved [3,4]. The results of this study appear to indicate
a certain progression in the complexity of the reasoning
deployed as one goes higher up the educational levels,
which is consistent with the conclusions of the study
conducted by Borges and Gilbert [38]. However, students’
difficulties to link the model of the circuit with the
magnitudes of electric field and potential at the microscopic
level still persist, which leads them to conclusions that are
scientifically incorrect.

VI. CONCLUSIONS

This study has allowed us to gain deeper insight into how
students make sense of dc circuit situations in which the
concepts of electric field, potential difference, and current
may all appear to be pertinent. After standard instruction, a
small fraction of students provided error-free answers that
do not focus on the relations between charge distribution,
electric field, and potential difference. The vast majority
of the students propose an explanatory model in one of
three ways:

(i) A relational form of reasoning that sets up a relation
between current and resistance producing the elec-
tric field and/or potential difference;

(ii) A linear causal reasoning that regards the battery as
the cause of the potential difference and, this in turn,
the cause of the electric field. This same line of
reasoning is followed at the microscopic level,
replacing the battery with a charge density distribu-
tion in the wire of the circuit;

(iii) A simple causal line of reasoning that states that the
current or the variation in charge concentrations
produces the electric field and/or the potential
difference. Moreover, the vast majority of the
students use explanations at macroscopic level,
although they study and apply to circuits Ohm’s
law at the microscopic level (J ¼ σ E, where J is the
current density and σ is the conductivity) during the
teaching of the electric circuit chapter. It seems that

students have more difficulty describing the model
of current at the microscopic level than at the
macroscopic level. This might be because most
traditional teaching focuses on solving problems
with quantitative relationships at the macro-
scopic level.

The difficulties encountered could be due, as some
studies have suggested [15,23,24], to a failure to bring
the syllabus up to date by focusing teaching on dc circuits,
not just on the relations between the magnitudes of the
circuit at the macroscopic level (Kirchhof’s laws) but also
looking into the explanatory mechanisms of the production
of current at the microscopic level. The presentation, for
instance, of the potential difference in a circuit as the
battery’s capacity to do work, as energy per unit of charge,
involves an orientation that is in part mathematical [13].
This traditional approach sidesteps the relation between
potential difference and the charge distribution throughout
the circuit. This may influence students to attempt to arrive
at their own tentative explanations inductively to establish
the macro-micro relations in the circuit [39].
In the last decade, Chabay and Sherwood have proposed,

for electricity introductory courses at university, a change
in the syllabus that emphasizes the crucial role played by
charges on the surfaces of the elements of the circuit, which
makes it possible to describe circuit behavior directly in
terms of charge and electric field. This approach is a more
fundamental description of the circuits that allows one to
unify the treatment of electrostatics and circuits [15,26].
However, the new curricula proposals based on a gradient
surface charge microscopic model require an elaborate
mechanism underlying relational and multilevel reasoning.
Our study shows aspects, little mentioned in education
research at the university level, of the types of reasoning
used by students when establishing macro-micro relations
and possible difficulties with the multilevel reasoning
processes. We find that the types of reasoning deployed
by students are of low explanatory power; even those
students who use a relational form of reasoning only apply
it to the macroscopic level and incorrectly induce similar
consequences for the microscopic level. This lack of
resources for students to develop complex reasoning
may constitute a major obstacle in teaching high-demand
models of reasoning, such as the gradient surface charge
microscopic model. Such models represent micro-macro
relations as a multilevel form of reasoning. It will, there-
fore, be necessary not only to change the curriculum, but
also work with students explicitly on ways of scientific
reasoning leading to macro-micro relations in a dc circuit.
Not only explanatory mechanisms at the level of atomic
dynamics should be presented to students, but also the
opportunity to apply complex forms of reasoning that can
stimulate discussion. We therefore suspect that this could
be one of the reasons why reforms of the course content
curricula of introductory electrical circuits do not progress
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as rapidly as research results would lead one to expect.
There are few studies on evaluating the improving students’
understanding of electric circuits following the “matter and
interaction” approach [26]; Kohlmyer et al.’s work indi-
cates that the higher performance obtained by students who
follow this approach on the BEMA postquestionnaire
measures only the total effect of content and pedagogy
[[40], p. 020105-9]. In the future it will be necessary to
analyze the individual elements of teaching methodology
and the difficulties of reasoning of students.
The findings of this study will guide the next stage of

our work that involves designing, implementing, and
evaluating a teaching-learning sequence (TLS) in class-
room environments for different countries in introductory
university physics courses. The study will focus on a step-
by-step design strategy that gradually provides an inter-
pretative model of electrical circuits based on concepts and
conceptual changes. In particular, the microscopic model of
electric current will be introduced from the beginning to
provide continuity with the studied theory of electrostatics
(electric charge, field, and potential) and, conceptual
elements (gradient of surface-charge distribution, electric
field in the transient, and steady states of current) will be
gradually introduced. The TLS design takes into account
not only the conceptual updating of the interpretative
model, but also the learning demands that require the
teaching objectives from the point of view of both con-
ceptual and reasoning complexity [41].
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APPENDIX

Q1. In the chapter about electric fields, we studied how
in the interior of a charged cylindrical conductor in
electrostatic equilibrium there is no electric charge (all
of the charge is on the surface of the conductor) and hence
the electric field inside is zero. However, in the chapter on
dc electrical circuits we studied that there is a uniform
electric field inside the cylindrical conductor cable when a
current is circulating with constant amperage.
Why does this electric field appear inside the cable?

Explain your answer.
Q2. In the expanded circuit shown in Fig. 1, a short

carbon resistor is connected to a battery by copper wire.
The circuit has been connected for a long time, and there is
a constant current flowing through the circuit. Copper and
carbon are both conductors, but carbon has much lower
conductivity than copper.
Q2A.Choose the diagram below which best represents

the electric field at points A and B.

(1) EA is equal to EB (see Fig. 2).
(2) EA is greater than EB (see Fig. 3).
(3) EA is less than EB (see Fig. 4).
(4) A different set of electric field vectors (please

describe):
Explain the reasoning you used to answer the previous

question.
Q2B. Is the potential difference between points A and B

related to the charge distribution? Explain why or why not.
Q3. A circuit consists of a battery connected to a copper

wire (see Fig. 5). The wire is narrowed in a part of the
circuit, as shown below. The circuit has been connected for

A B

EA EB

FIG. 2. The electric field at a point outside the resistor is equal
to the electric field at a point inside the resistor.

A B

EA EB

FIG. 3. The electric field at a point outside the resistor is greater
than the electric field at a point inside the resistor.

A B

EA EB

FIG. 4. The electric field at a point outside the resistor is less
than the electric field at a point inside the resistor.

A B

FIG. 5. A simple circuit with a “resistor” (a thin section of the
wire).

A B

Carbon

FIG. 1. A simple circuit with a carbon resistor.
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a long time, and there is a constant current flowing through
the circuit.
Q3A. Choose the diagram below which best represents

the electric field at points A and B.
(1) EA is equal to EB (see Fig. 6).
(2) EA is greater than EB (see Fig. 7).
(3) EA is less than EB (see Fig. 8).
(4) A different set of electric field vectors (please

describe):
Explain the reasoning you used to answer the previous

question.
Q3B.- Is there a potential difference between points A

and B? Explain why or why not.
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