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Electric circuits are an important element of physics classes in Austria, Germany, and most countries around
the world. However, many students leave secondary school without having an adequate conceptual understand-
ing of simple circuits. Voltage in particular has proven to be a difficult concept as students think of it as a
property or component of the electric current. Furthermore, research has shown that girls tend to have a lower
interest in physics than boys and that context-based physics instruction is a promising approach to increase girls’
interest. However, it is unclear whether decades of research on students’ conceptual difficulties e.g. with volt-
age as well as research into ways to promote girls’ interest have had a significant impact on physics classrooms.
For this reason, the conceptual understanding of electric circuits as well as the interest in physics of N = 1207
traditionally taught students in Germany and Austria was assessed using a valid and reliable multiple-choice
test. The empirical evaluation of the data shows that female students are still not as interested in physics as their
male peers, despite achieving the same total learning gain in the multiple-choice test. An analysis of two items
of the test instrument focusing on potential differences furthermore suggests that traditional instruction still fails
to provide students with an adequate conceptual understanding of voltage as an independent physical quantity
that refers to a difference in electric potential between two points in a circuit. These results highlight the need
to develop research-based curricula on electric circuits that take into account the findings on students’ interests
and alternative conceptions.
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I. INTRODUCTION

Hardly any other discovery has had such a lasting impact
on our modern civilization as the discovery of electricity.
Nevertheless, research from the 1980s on students’ alterna-
tive conceptions revealed that traditional instruction gener-
ally fails to provide students with an adequate conceptual un-
derstanding of simple DC circuits [1]. In particular, it was
shown that many alternative conceptions often prevail even
after instruction [2, 3]. Furthermore, research has shown that
girls’ interest in physics tends to be lower than boys’ as tra-
ditional instruction does not take enough account of girls’ in-
terests [4, 5].

II. BACKGROUND

A. Conceptual understanding of voltage

Electric circuits represent a major challenge to most stu-
dents in lower secondary schools [6]. Voltage in particular
has proven to be a difficult concept as students often strug-
gle to understand that it refers to two points in a circuit. In-
stead of conceptualizing voltage as an independent physical
quantity, they believe that voltage is a property or compo-
nent of the electric current [2]. In the light of these findings,
physics education research has focused on the question how
these conceptual difficulties with simple circuits can be ex-
plained. In the 1980s, for example, Cohen, Eylon and Ganiel
argued that the traditional focus on current prevents a deeper
understanding of the important role that potential differences
play in electric circuits [7]. In German and Austrian text-
books, voltage is traditionally not introduced as a potential
difference, but merely as “energy per charge” or “the cause
of current flow”. Consequently, it may be difficult for stu-
dents to understand the relative character of voltage and that
voltage as a potential difference always refers to two points
in a circuit. However, given the importance of providing stu-
dents with a robust concept of voltage, Gleixner [8] as well as
Koller and Späth [9] developed a height analogy to visualize
potential differences in circuits while a more recent curricu-
lum developed by Burde and Wilhelm compares potential dif-
ferences to air pressure differences [10]. All these approaches
have proven to be comparatively effective in fostering a better
conceptual understanding of circuits in a number of empirical
studies [8, 11, 12].

B. Interest in physics

In addition to systematically supporting students’ concep-
tual understanding, promoting students’ interest in physics
is generally regarded an essential feature of high-quality
physics teaching [13]. However, various studies come to
the conclusion that girls are not as interested in physics as
boys. This difference in interest is often attributed to the

fact that traditional physics lessons do not take enough ac-
count of girls’ interests. As a result, girls often struggle to see
the relevance of what they learn in physics for their every-
day lives [4, 5]. A promising way to significantly raise girls’
interest in physics is to embed physical topics in everyday
contexts [4, 14–16]. In particular, it has long been known
that teachers should include biological, medical, and envi-
ronmental contexts in their lessons while also addressing the
importance of physics for society in order to make the sub-
ject more meaningful and relevant to students - particularly
to girls [4, 17]. To what extent context-oriented teaching also
contributes to a better conceptual understanding, however, is
still unclear [18]. Nonetheless, the promotion of students’ in-
terest in physics and science in general should not be seen
as a means to an end, i.e. fostering a better conceptual un-
derstanding, but as an educational goal in its own right in a
world increasingly shaped by the natural sciences.

III. RESEARCH QUESTIONS

In order to address these issues, three German and two
Austrian PER groups have launched the joint Design-Based
Research (DBR) project EPo-EKo (“Electricity with Poten-
tial & Electricity with Contexts” [spelled with a “K” in Ger-
man]) [19]. The overall objective is to evaluate and improve
the conceptual understanding of electric circuits in secondary
schools as well as to raise students’ interest in the topic by de-
veloping and evaluating new research-based curricula. Before
investigating the effects of these new curricula, however, tra-
ditionally taught students’ conceptual understanding of elec-
tric circuits and their interest in the topic was assessed. The
teaching of these students was “traditional” in that teachers
were not given any instructions as to how they should teach
the topic “simple electric circuits”, i.e. they taught in the
same way as they had done in previous years using traditional
textbooks. This allows to investigate whether students today
still have significant conceptual difficulties (e.g. with the con-
cept of potential difference) and whether girls are still signif-
icantly less interested in physics than boys despite decades
of research by the PER community and years of in-service
teacher training programs. The purpose of this paper is there-
fore to address the following three research questions:

1. Do girls today still show a significantly lower interest
in physics than boys even though, based on earlier re-
search findings, measures to promote their interest have
long been known?

2. Do male and female students differ regarding their total
learning gain, defined as the increase in their average
ability estimate obtained by the Rasch analysis, when
taught traditionally?

3. After traditional instruction, to what extent are sec-
ondary school students able to apply the concept of
voltage to a simple resistive circuit?
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IV. SAMPLE AND METHOD

A total of N = 1207 students took part in the data collection
using a pen-and-paper questionnaire. As part of this question-
naire, students were asked to self-report their gender. 51% of
students stated that they were male and 49% stated that they
were female. With the exception of three classes, which were
already in 8th grade, all of the N = 59 participating classes
from 38 different secondary schools were in 7th grade. Most
of the participating schools were a so called “Gymnasium”,
which is a type of school aimed at higher ability students and
usually covers grades 5 to 12/13. Geographically, 12 schools
were located in the German state of Hesse, 15 in the German
state of Bavaria, 20 in the Austrian state of Styria and 12 in
the Austrian state of Lower Austria. In order to measure the
development of students’ conceptual understanding as well as
their interest in physics as a subject, a pretest-posttest design
was used. The posttest was conducted directly after the topic
“simple electric circuits” was taught, which was, on average,
after 17.8 lessons (SD = 5.1) with a length of 45 minutes each.

In the pre- and posttest, the students’ understanding of
electric circuits was measured using a valid and reliable two-
tier multiple-choice test [20]. A sample item on voltage from
the multiple-choice test illustrating its two-tier structure can
be seen in Fig. 1. In the first tier of the questions, students
have to choose an answer. In the second tier, they have to
choose an explanation for their reasoning. The distractors on
both tiers of the test are based on interviews with students in
previous studies and typical alternative conceptions on elec-
tric circuits as they were repeatedly documented in various
studies in recent decades [1–3, 6]. One of the advantages of
this two-tier structure is that it is easy to grade and still gives
insight into students’ reasoning. Students who choose a3 as
their answer in the first tier and b1 as their explanation in
the second tier, for example, are interpreted to believe that
voltage is a property of the electric current. The whole test
instrument was scored using a paired scoring model: if a cor-
rect answer was given with a correct explanation, the student
was awarded with one point. In all other cases, zero points
were given. Such an analysis minimizes false positive an-
swers because an item is rated as correct only if the answer
and the corresponding explanation are correct.

As the topic of electric circuits had not been covered before
in any of the participating classes, the pretest consisted only
of a partial set of 12 items, while the posttest consisted of 21
items. To evaluate the students’ total learning gain, a Rasch
analysis of the whole test instrument was conducted with the
program “R” using a dichotomous model in order to obtain
linear measures for item difficulties [21]. The Rasch model
is a probabilistic model that describes response patterns of
examinees to individual items. It assumes that there exists a
linear measure common to items and students: for items that
measure is “item difficulty” (Di) and for students the mea-
sure is called “ability estimate” (Bn) [22]. A more detailed
introduction to the Rasch model can be found in [23]. The
linear measures obtained by the Rasch analysis allow a com-

FIG. 1. Item 1 (translated from German) from the test instrument
illustrating its two-tier structure. The correct answer (a5) and expla-
nation (b4) are printed in bold.

parison of the “person abilities” by expressing the data of the
pretest and posttest on the same scale [24]. Furthermore, the
Rasch analysis examines the fit of the data to the model. Fit is
understood as comparison of the differences between what is
observed and what is expected by the Rasch model. The gen-
eral rule of thumb is that items with infit and outfit MNSQ
values between 0.7 and 1.3 have good model fit [22]. Based
on the parameters of the test instrument on students’ under-
standing of simple electric circuits 0.94 < Infit < 1.09 (EAP-
Reliability = 0.71) it can hence be concluded that it worked
satisfactorily.

Students’ conceptual understanding of voltage was as-
sessed at the example of two items of the two-tier multiple-
choice test. Both items examine whether students possess an
adequate concept of voltage as an independent physical quan-
tity that refers to a difference in electric potential between two
points in a circuit (see Fig. 1 and Fig. 2). Item 1 asks for the
voltage across a closed switch and across a resistor and item
2 shows an open circuit and the students’ task is simply to
identify the potential difference between the two unconnected
wires.
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FIG. 2. Item 2 (translated from German) on voltage in an open cir-
cuit. The correct answer (a2) and explanation (b3) are printed in
bold.

Students’ interest was assessed on the basis of nine items,
six of which were newly developed [25] and three of which
came from the PISA study [26] (e.g. “I like reading about
physics” or “I am interested in learning about physics”).
These items were combined into the overall construct “inter-
est in physics” [25]. Students were asked to respond to each
of the questions using a five-point Likert scale with the cat-
egories “strongly agree”, “agree”, “neutral”, “disagree”, and
“strongly disagree”. Next, a Rasch analysis using a rating
scale model was performed with the program “R” [21]. The
parameters of the test on students’ interest in physics indi-
cate that it worked satisfactorily (0.72 < Infit < 1.21, EAP-
Reliability = 0.89).

V. EMPIRICAL RESULTS

A. Interest in physics

Figure 3 shows students’ interest in physics by gender and
time of testing. Girls’ interest in physics increases from M =
1.60 (SE = 0.06) in the pretest to M = 1.65 (SE = 0.06) in the
posttest, while it increases from M = 1.91 (SE = 0.06) in the
pretest to M = 2.01 (SE = 0.06) in the posttest for boys. The
main effects of students’ gender, χ2(1) = 21.58, p < .001, d =
.23, and the time of testing (pretest vs. posttest), χ2(1) = 4.56,
p < .03, d = .12, on students’ interest in physics are both sta-

FIG. 3. Interest in physics by gender in the pretest and posttest based
on a rating scale model. The error bars represent the standard error
(SE). The higher the value, the higher the interest.

tistically significant. However, there is no interaction effect
of the time of testing and students’ gender on their interest in
physics (χ2(1) = 0.77, p = .38, d = .05). It can therefore be
concluded that girls still show a lower interest in physics than
their male peers and that traditional instruction fails to reduce
this gap, which is also reported in other studies [4].

B. Total learning gain

As illustrated in Fig. 4, there is a significant increase of the
average students’ conceptual understanding of simple electric
circuits, measured here as the ability estimate in the concep-
tual knowledge test, for both male and female students. The
ability estimate increases from M = -0.54 (SE = 0.04) in the
pretest to M = 0.26 (SE = 0.04) in the posttest for female
students and from M = -0.51 (SE = 0.05) in the pretest to M
= 0.28 (SE = 0.04) in the posttest for male students. Statis-
tically, there is a main effect of the time of testing (pretest
vs. posttest) on the estimated average person ability (χ2(1) =
444.29, p < .001, d = .99). However, there is no interaction
effect of the time of testing and the students’ gender on the av-
erage ability estimate (χ2(1) = 0.00, p = .99, d < .01), nor is
there a main effect of the students’ gender on the average abil-
ity estimate (χ2(1) = 1.51, p = .22, d = .05). It can therefore
be concluded that girls, despite showing a significantly lower
interest in physics than boys, still achieve the same learning
gain as their male peers in traditional instruction of simple
circuits in Austria and Germany. This represents an interest-
ing finding as previous studies report that girls attain lower
learning gains than boys [11, 27].
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FIG. 4. Conceptual understanding, measured here as the ability esti-
mate in the conceptual knowledge test, by gender in the pretest and
posttest using Rasch scores. The error bars represent the standard
error (SE). The higher the value, the better the conceptual under-
standing.

C. Conceptual understanding of voltage

As shown in Fig. 5 only 4% (SE = 1%) of traditionally
taught students provide a correct answer and a correct ex-
planation for item 1 and only 7% (SE = 1%) give a correct
answer and a correct explanation for item 2. A plurality of
25% of all students chose a3 or a4 as their answer with b1
as their explanation for item 1, indicating that these students
consider voltage as a property of the electric current. For item
2, the combination of answer and explanation chosen by 50%
of the students is based on the statement “there is no voltage
in an open circuit” on tier 2, which also suggests that stu-
dents do not differentiate conceptually between current and
voltage. Based on these results, it can be assumed that tra-
ditional instruction fails to provide students with an adequate
conceptual understanding of voltage as an independent phys-
ical quantity that refers to a difference in electric potential
between two points in a circuit.

VI. DISCUSSION AND OUTLOOK

The findings presented in this paper clearly show that tradi-
tional instruction in Austria and Germany fails to provide stu-
dents with an adequate conceptual understanding of voltage.
Instead, the combination of answers chosen by many students
suggests that voltage is often seen as a property of the electric
current, which corresponds well with previous research find-
ings on alternative conceptions [2, 7, 11]. Against the back-
ground of decades of research on the teaching and learning of

electricity and the conceptual difficulties with voltage in par-
ticular, this represents a sobering finding. From a PER per-
spective, it could be argued that one of the reasons for these
prevailing learning difficulties lies in the fact that insights into
alternative conceptions have had little influence on secondary
school physics classrooms.

Furthermore, our findings indicate that girls still show a
significantly lower interest in physics than their male peers,
which suggests that previous research findings into girls’ in-
terest may have had little influence on physics teaching in
secondary schools in Austria and Germany. However, it is
noteworthy that female students, despite being less interested
in physics on average, achieve the same total learning gain as
their male peers. Nonetheless, developing a research-based
curriculum on electric circuits that takes into account previ-
ous research findings on students’ interest represents a mean-
ingful endeavor as increasing students’ interest in physics is
an educational goal in its own right and may, for example,
encourage more girls to study physics or a physics related
subject at college or university. The EPo-EKo project there-
fore aims to develop research-based curricula that improve
students’ conceptual understanding and that promote their in-
terest in physics - especially among female students.
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FIG. 5. Percentage of students giving correct answers with correct
explanations for two items on potential differences in simple circuits
after traditional instruction in the posttest (paired scoring model).
The error bars represent the standard error (SE).
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