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ABSTRACT. Innovative educational approaches in the sciences have emphasized inquiry
in the classroom but it is not self-evident that inquiry instruction leads to conceptual
understanding. A design research cycle was conducted to investigate how physics
instruction aimed at creating a classroom culture of inquiry can contribute to Grade 9
students’ understanding of theoretical concepts in direct current electric circuits. A
hypothesized local instruction theory and classroom pedagogy were created in cooperation
with 3 physics teachers, emphasizing (a) establishing classroom norms of inquiry, (b)
providing a theoretical starting point, (c) using targeted experiments guided by conceptual
questions, and (d) theory-oriented, whole-class discussions. After data collection,
retrospective analysis of 1 class showed that the enactment of the local instruction
theory and the development of classroom norms of inquiry had led to the expected
learning processes and increased student conceptual understanding. Science education
promoting the nature of science as inquiry might consider the importance of an effective
local instruction theory and the social classroom processes that require science-oriented
classroom norms.

KEY WORDS: classroom culture, conceptual change, design research, direct current
electric circuits, inquiry-based science education

INTRODUCTION

Secondary school sciences, particularly physics, are unattractive, abstract,
and difficult for many students (Taconis & Kessels, 2009). The
understanding of specific theoretical concepts in physics (e.g. electric
current, potential difference, and resistance) is particularly difficult (see
Duit, 2009, for an overview of research). A teacher-directed pedagogy
purely based on knowledge transfer from the teacher or textbook to the
student is generally considered ineffective in making the sciences more
attractive and in fostering conceptual understanding (Treagust & Duit,
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2008). Over the last decades, innovative educational approaches in the
sciences have emphasized inquiry in the classroom. Inquiry in the science
classroom requires the establishment of classroom social norms analogous
to a scientific research tradition (Cobb & Yackel, 1998). Effective
instruction for conceptual understanding is based on an analysis of subject
content and student ideas. It is not self-evident that inquiry instruction
leads to conceptual understanding and not all variations of inquiry
instruction have been equally effective in promoting learning (Minner,
Levy & Century, 2010).

This study is part of a design research project with the aim to identify
characteristics of a learning arrangement that provides a culture of inquiry in
the classroom and fosters the understanding of simple electric circuits.
Potential learning arrangement characteristics were identified in a first design
experiment enacted in a pre-university stream Grade 9 class of a secondary
school in The Netherlands (Kock, Taconis, Bolhuis & Gravemeijer, 2013).
The results of the earlier study were used in the current design study that aims
to document the critical attributes of inquiry learning and teaching in physics
as well as the classroom cultural dimensions that encourage and support
Grade 9 students to engage with difficult-to-learn ideas.

BACKGROUND

The following sections summarize the nature of inquiry in the physics
classroom, conceptual understanding in physics, conceptual problems in
understanding electric circuits, design research, and the results of an
earlier design study. These areas were reviewed to provide foundations
for decisions about instructional design, research procedures, data
collection and interpretation, and to justify the argument and assertions
made.

A Culture of Inquiry in the Classroom

Inquiry learning in the sciences can be considered an enculturation
process in which learners participate in a community of practice. The
establishment of a culture of inquiry in a classroom requires the
development of social norms in line with this culture (Cobb & Yackel,
1998). A culture of inquiry will give students the opportunity to
experience essential characteristics of scientific research processes, such
as using and creating theories, models and hypotheses, testing ideas by
experiments, interpreting data, and being involved in social processes like
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questioning, discussing, and collaborating (Minner et al., 2010; Osborne,
Collins, Ratcliffe, Millar & Duschl, 2003). Ideally, the enculturation
process and learning to use theoretical concepts go together, in contrast to
traditional school textbooks and pedagogy. Some researchers in education
aim at genuine scientific research or inquiry in real-life contexts to let
students experience a scientific culture. Gravemeijer and Cobb (2006),
working in mathematics education, suggested that such a context needs to
be experientially real to the students, meaning that it provides a setting for
students to act and reason sensibly. We follow this approach in which
students are allowed to experience key aspects of a scientific culture in
the classroom through meaningful simulation (Hung & Chen, 2007).
However, there is a tension between inquiry, which is process-oriented,
and the accepted approach in most physics lessons, in which mastering
problem-solving procedures and task completion are important goals
(Kock et al., 2013; Nijland, 2011). Changing the classroom culture
requires a change of norms, values, expectations, and behaviors. The
teacher can facilitate this change by explicating the new norms, modeling
behaviors in accordance with these norms, supporting students to adopt
them and by making it rewarding for students to do so. Teacher-facilitated
whole-class discussions are a way to establish the classroom and subject-
specific norms of a culture of inquiry (Cobb & Yackel, 1998). Moreover,
these discussions help the class to reach consensus on conceptual
problems and provide feedback to the teacher on the level of student
understanding (Leach & Scott, 2002).

Conceptual Understanding in Physics

The instruction in this study aimed to (a) create a culture of inquiry in the
classroom and (b) foster conceptual understanding. Instructional design for
conceptual understanding needs to consider the cognitive aspects of student
learning (Treagust & Duit, 2008) although the importance of social processes
and of noncognitive factors for learning is generally acknowledged.
Classroom activities and instruction should be based on an analysis of subject
content and on the content-related ideas students bring to the classroom
(Leach & Scott, 2002). In a well-balanced curriculum, the individual
conceptual change perspective is coordinated with the sociocultural perspec-
tive that views learning as participating in a community of practice.

Conceptual Problems in Understanding Simple Electric Circuits

Topics of the instruction were the theoretical concepts involved in direct
current (dc) electric circuits. These concepts are difficult for students to
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understand (Chatila Afra, Osta & Zoubeir, 2009; Engelhardt & Beichner,
2004). In particular, many students have difficulty drawing and
interpreting circuit diagrams, tend to confuse concepts (e.g. current,
voltage, and resistance), use incorrect models of electric current (e.g. the
idea that current is consumed), view power supplies as constant current
sources, and do not realize that a circuit is a system in which a change of
one element can have an impact on other circuit elements.

Design Research

The research method used in this study is design research that aims at
understanding and supporting learning processes (Gravemeijer & Cobb,
2006). This is a cyclic research methodology with macrocycles, each
consisting of a preparation phase, classroom experiments, and a
retrospective evaluation. The preparation phase establishes the learning
goals, the starting points of instruction, and a conjectured local instruction
theory. The school curriculum forms the basis for the learning goals, but
they are adapted to create a focus on conceptual understanding. The
starting points of instruction rely on the instruction in earlier grades,
formative assessment of the target students, and knowledge of common
alternative conceptions. The local instruction theory takes into account the
learning goals and the starting points of instruction. It involves a sequence
of “provisional instructional activities, and a conjectured learning process
that anticipates how students’ thinking and understanding might evolve
when the instructional activities are employed in the classroom”
(Gravemeijer & Cobb, 2006, p. 19). The theory is specific for the chosen
topic, rather than for science learning in general, and hence is referred to
as local.

The instruction is enacted in the experimental phase. During this
phase, amendments are made to the sequence of activities based on first
observations and reflections, for example, if expected learning processes
have not been realized (microcycles of testing and improving instruction).
Data are collected from a variety of sources to enable the development
and refinement of the local instruction theory and the evaluation of
student learning processes in the retrospective evaluation phase. Data
analysis in this phase follows a two-step procedure based on grounded
theory. The first step identifies patterns emerging from lesson observa-
tions and a first examination of the data. These patterns are described as
conjectures about the dataset, and the body of data is then examined to
look for confirmation or refutation of these conjectures. This first step of
the analysis, thus, results in conjectures supported by evidence from the
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data. The second step is directed at finding explanations for the
conjectures. This interpretative approach leads to a description of possible
causal mechanisms of how the learning arrangement shaped student
learning (Maxwell, 2004).

Results of an Earlier Design Study

A conjectured local instruction theory for learning about electric
circuits in an inquiry context was created in an earlier study that
formed the first macrocycle of design research (Kock et al., 2013).
However, the student learning processes did not develop as expected
during the enactment of this local instruction theory. Therefore, the
retrospective analysis was used to identify the mechanisms compli-
cating the process of conceptual understanding in inquiry-based
instruction. We framed the study as an instance of the class of
issues arising in this type of instruction, a paradigm case
(Gravemeijer & Cobb, 2006), and postulated three tensions: between
open inquiry and structure provided to students, between accepted
theories and student inventions, and between school culture and
classroom research culture. A balance must be found for each tension
so that student activities contribute to conceptual understanding while
a culture of inquiry is maintained. Three guidelines were formulated
to create such a balance. First, during inquiry activities, students need
support from the teacher and the instructional materials in order to
obtain meaningful results. The support helps students move success-
fully from traditional recipe-type experiments to structured, guided,
and more open forms of inquiry (Melville, Bertley & Fazio, 2013).
This is a matter of balance; too much guidance results in a focus on
following procedures while too little guidance is likely to result in
unfocused inquiry and low-quality outcomes (Leach & Scott, 2002).
Second, students have to be offered an initial theoretical starting
point for constructing scientifically sound ideas. Students cannot be
expected to reinvent theoretical concepts entirely through inductive
experimental activities; therefore, student experiments have to be
accompanied by deductive, semideductive, or hypothesis-driven
considerations. Moreover, most authentic inquiry in physics starts
from a theory-driven or hypothesis-driven motive (Park, Jang & Kim,
2009). Third, teachers have to support students to move from school-
oriented norms toward scientifically oriented norms. These guidelines
were used in the preliminary design of the second classroom teaching
experiment described in this study.
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RESEARCH INTEREST

The primary goal of the present study is to understand how the learning
arrangement characteristics might support learning in a Grade 9 physics
classroom practice (Cobb, Confrey, diSessa, Lehrer & Schauble, 2003).
We were interested in the mechanisms that allowed for the characteristics
to contribute to learning results. However, investigating these mecha-
nisms is only feasible if the learning results are good enough to justify the
investigation. Therefore, the research questions (RQ) were considered in
sequence. First, the conditional RQ was addressed:

RQ1. How effective was the enacted instructional design in terms of the
conceptual learning aims of the Grade 9 lessons about electric circuits?

Second, the main RQ was addressed:

RQ2. How do the learning arrangement characteristics help explain the
development of Grade 9 students’ conceptual understanding in the inquiry
classroom?

DESIGN OF THE LESSON SERIES

We describe the context in which the local instruction theory was created,
the learning aims, the way the guidelines from the previous design study
were incorporated, and an outline of the preliminary local instruction
theory consisting of activities and expectations. We were aware that a
complete change of the classroom culture is a lengthy process, that the
most likely result of the short lesson series would be steps in the desired
direction, and that we might not fully achieve the desired outcome.

Collaboration with Physics Teachers

A potentially effective way to innovate in education is to involve
practicing teachers in educational design. Therefore, the instruction was
designed collaboratively by a researcher (the first author) and three
physics teachers (Mr. Adler, Mr. Bradley, and Ms. Campbell) from three
secondary schools in the southeastern part of The Netherlands. The
collaboration took place within the framework of a physics education
M.Ed. program. Nine group meetings of approximately 80 min each were
held to prepare the lessons and an additional ten meetings of
approximately 40 min each during the months in which the lessons were
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enacted. Details of the collaboration and the teachers’ learning processes
have been described elsewhere (Kock et al., in press).

Conceptual Learning Aims

The learning aims focused on an understanding of concepts and their
relations and use in explaining dc electric circuit phenomena. The
potential learning outcomes were summarized as:

� Students are able to interpret circuit diagrams of simple dc electric
circuits.

� Students are able to distinguish the concepts of electric current,
voltage, and resistance in simple dc circuits consisting of a power
source, connecting wires, light bulbs, resistors (wired in series and
parallel arrangements), voltmeters, and ammeters and can use these
concepts to solve conceptual problems.

� Students can explain the role of the battery/power supply in simple
dc circuits and use it to solve conceptual problems.

The intent of the lessons was to have the students arrive at the rules for
current and voltage in dc circuits through an inquiry process instead of the
teachers giving them the information at the outset. The learning aims
address the same topics as the school curriculum and the Grade 9 Dutch
physics textbooks. However, these textbooks put most emphasis on using
formulas and carrying out calculations.

Incorporating the Guidelines from Earlier Design Study

The three guidelines resulting from the previous macrocycle were
incorporated into the instructional materials, and into planned teacher
activities and behavior.

Initial Theoretical Starting Point. We provided students with a simple
model of electricity as moving charged particles (Sengupta & Wilensky,
2009). The instructional materials contained a basic explanation of this
model. Giving students a theoretical starting point was expected to
facilitate investigations, rediscovery, and discussions in terms of cause
and effect.

Structuring Inquiry Activities. The instructional materials provided brief
instructions, research questions, and sometimes circuit diagrams for
experiments. Class discussions were planned before and after experimen-
tal work to discuss hypotheses, outcomes, and explanations.
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Supporting the Development of Scientific Norms. The instructional
materials provided general information on the approach and assessment
to make clear to the students what was expected. They also contained
conceptual questions. The teachers were prepared to take student ideas
seriously, to build on these ideas in whole-class discussions, and to
stimulate student thinking rather than providing ready-made answers.
Student tasks and their sequencing were designed such that students had a
fair chance of developing a deeper understanding and satisfactory
explanations, which would make adhering to the inquiry approach
rewarding for them. The questions in the instructional materials aimed
to focus the discussions on conceptual issues and were informed by the
educational research literature. Assessment was brought in line with the
desired classroom culture so that adopting this culture was rewarding for
the students in terms of school results. The assessment at the end of the
lesson series focused on student understanding. A short conceptual quiz
was included in the lesson series to make clear at an early stage that
assessment would measure understanding and the ability to explain
physics, rather than recall of facts and the successful completion of
textbook calculations.

Outline of the Local Instruction Theory

The main points of the preliminary local instruction theory for the
experimental lessons are outlined. Each point may take a single lesson
period or more to fully enact.

Introduction to the Approach. An exercise in cooperative problem solving
with an introduction by the teacher is expected to help students realize
that the classroom norms in the experimental lessons are different from
those in the usual physics lessons. Emphasis is placed on active
participation, asking questions, cooperation, and personal responsibility
for understanding. The teacher explains what is expected in terms of
participation, products, and assessment.

Experiment to Create a Closed Circuit. Students are asked to create a
closed circuit with a light bulb, single wire, and battery, which is followed
by a class discussion evoking student ideas of “what happens” in the
circuit and the function of the circuit elements (connecting wire, bulb
filament, and battery as the source of electric energy). It is expected that
students will come to understand the path followed by electricity in a
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closed circuit with a light bulb. A question about the nature of electricity
is now expected to make sense to the students.

Introduction of a Theoretical Starting Point. Students read a brief text on
the charged particle model of electric current followed by a class
discussion with examples, demonstrations, and computer simulations on
electrostatics and current electricity. Students work in small groups on
conceptual questions to apply the model to explain current flow in series
circuits. It is expected that students will acquire a starting point to talk
theoretically about electric circuits; for example, they can talk about
forces between charges and a flow of electrons established in a closed
circuit because of the surplus/shortage of electrons at the battery poles.
The activities will help students think about consequences of the model
(e.g. conservation of charge) and the resistance posed by the light bulb
filament. However, the scientifically correct way of talking has to
gradually develop by participating in the activities.

Electric Current in a Series Circuit. Students carry out experiments on
the brightness of light bulbs and on the current in series circuits. Before
the experiment, predictions are solicited based on the charged particle
model. The experimental results are discussed in class and followed by
related conceptual questions. Students are asked to connect the experi-
mental activity of measuring an electric current to the theoretical idea of
current as a flow of electrons. This will contribute to an understanding of
electric current (charge) conservation and of the effect of resistors in
series.

The Battery in a Circuit. The class discusses the purpose of a battery in a
circuit, supported by computer simulations; and students measure open-
circuit battery voltages. The battery voltage is used as an indication of the
difference between surplus and shortage of electrons to help students
distinguish electric current and voltage. Students will start to think about
the battery voltage as a measure of the “driving force” by which electrons
are “pushed and pulled” through the circuit. Moreover, students realize a
battery is not a storage vessel of electrons but a neutral device in which
electrons are unevenly distributed. Student questions on the ways
computer simulations display batteries provide an opportunity to discuss
the limitations of models.

Potential Differences in a Series Circuit. Students carry out experiments
on the relation between the voltage across the battery and across light
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bulbs in a series circuit. Before the experiment, predictions are made
based on the charged particle model. The experimental results are
discussed in class and followed by related conceptual questions. The
experiment is expected to help students realize a driving force is
necessary at every light bulb to overcome the filament resistance. A
potential difference provides this driving force. It then makes sense that a
potential difference exists across light bulbs in series and that the total
corresponds to the potential difference across the battery.

Series and Parallel Circuits. The students work on conceptual questions
related to series circuits, parallel circuits, and simple combined series/
parallel circuits, using computer simulations to test their ideas. In teacher-
led class discussions, student ideas are summarized to arrive at the
patterns (rules) for current and voltage in series and parallel circuits. The
understandings that students developed in earlier lessons and the
theoretical model are expected to provide a basis for the discussion.

Quantitative Experiment on Resistance. The teacher introduces resistance
as a quantitative measure. Students conduct an experiment to test if the
resistance of a resistor is constant in different circuits. The experiment is
expected to help students realize that the resistance of a single resistor is a
property of the object and not of the circuit, which is a widespread
alternative conception (Engelhardt & Beichner, 2004). The experiment
requires students for the first time to measure both voltage and current
and to use various theoretical ideas and experimental skills.

RESEARCH SETTING AND DATA

Design research by necessity takes place in specific school and classroom
contexts. Descriptions of the instructional context and of the process of
data collection and analysis are provided to help interpret the results of
the study.

Instructional Context and Enactment

The lessons were enacted by three physics teachers in Grade 9 classes
selected on the basis of practical considerations: (a) the timetable allowed
the researcher to observe lessons in the inquiry classes, and (b) the
introduction of a new pedagogy was not likely to produce classroom
management issues. This paper focuses on Mr. Adler’s class because
lesson-by-lesson meetings to evaluate and redesign instruction were only
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possible with him, due to the timetable, and his enactment of the
instruction most closely approximated the design intention. Mr. Adler’s
inquiry class consisted of 21 students (10 girls and 11 boys). The 13
experimental lessons of 50 min each were enacted over an 8-week period.
Apart from the inquiry class, Mr. Adler taught another Grade 9 class of
high-ability students who received the usual school curriculum
(Hogenbirk, Cornelisse, Frankemölle, Jager, Majewski & Timmers,
2007). Both classes were part of the pre-university stream and consisted
of students from various socioeconomic backgrounds. All students had
been taught an introduction to electricity as part of the Grade 8 physics
course. Permission to enact the experimental lessons and to collect data
was obtained in accordance with school policies.

Mr. Adler’s class was observed during one lesson and interviewed
prior to the experimental lessons to get an impression of the classroom
culture. The observations and student interviews made clear that teacher
explanations of physics content were an important component of typical
lessons. Occasionally, students carried out experiments, following
teacher-directed, recipe-type procedures. Mr. Adler used his own notes
to teach the curriculum instead of a textbook. Teacher-student interactions
in his classes were apparent as students regularly made remarks or asked
questions. However, we concluded that establishing a culture of inquiry
would still be a major change to Mr. Adler’s practice and a new
experience for the students.

Enactment of the lessons in Mr. Adler’s class took place in the
presence of the first author as an observer and collaborator. The first
author occasionally helped groups of students and, at the request of the
teacher, contributed to whole-class discussions. In this way, the first
author modeled aspects of the pedagogy and helped establish the
classroom culture.

Data Collection and Analysis

Data were collected from various sources as recommended in the
educational design research literature (Gravemeijer & Cobb, 2006): video
and audio recordings of the lessons and of student groups, field notes,
student work, a conceptual quiz, a pretest, a posttest, and interviews with
four randomly selected students after the lesson series. We made video
recordings of all meetings with the teachers and collected relevant
documents (e.g. agendas, notes, and e-mails). The student interviews,
audio recordings, and postlesson evaluation meetings were fully tran-
scribed. Recordings of student groups were summarized; time stamps
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maintained the connection with the original recordings and temporal
position of the occurrence selected as evidence.

The first RQ was addressed by analyzing the pretest and posttest
results. The pretest was based on the expected student prior knowledge
and alternative conceptions described in the research literature, covering
basic concepts of electric current. It consisted of six multiple-choice items
(five of which corresponded to posttest items) and two open-ended items.
The posttest covered the topics included in the experimental lessons. It
consisted of 29 multiple-choice items translated and adapted from version
1.0 of the DIRECT concept test (Engelhardt & Beichner, 2004) and 8
open-ended items (these tests are available in Dutch from the first author).
The pretest reliability (Cronbach’s α G 0) was interpreted as an indication
of students having insufficient understanding of the topic to provide
consistent answers. The posttest Cronbach’s α = 0.75 indicated acceptable
reliability and internal consistency between item and test performances.
The pretest and posttest were discussed with the three teachers to
establish content validity. We administered the tests to both the inquiry
and non-inquiry class to get an impression of the differences and
similarities of the learning results even though the emphasis of the study
was not on comparison of results. The tests were analyzed on an item-by-
item basis in relation to the learning aims, and the overall results of the
two classes were compared using a t test.

The main RQ was addressed by looking for patterns emerging from the
data and by analyzing these patterns. The search for patterns was guided
by sensitizing concepts based on the theoretical framework: classroom
norms and expectations, level of student engagement, development of
student conceptual understanding, and character of the experimental
work. Quotations were collected from the lesson transcripts for each
sensitizing concept, which were then summarized on a lesson-by-
lesson basis. Patterns became apparent from the lesson observations
and a first examination of the data; they were described as
conjectures. Subsequently, the entire body of data was examined to
look for confirmation or refutation of these conjectures. The lesson-
by-lesson development, combined with information from the other
data sources, made it possible to draw a conclusion about the
conjectures. The first author conducted the analysis; but the process,
the conjectures, and the evidence were regularly discussed with a team of
three educational and design research experts. The analysis revealed
information about student learning results and conjectures supported by
evidence from the data on the learning arrangement characteristics and
student learning processes.
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Next, the relations between the patterns were analyzed in conjunction
with the student learning results (Gravemeijer & Cobb, 2006). This
interpretative step allowed us to describe processes and possible causal
mechanisms grounded in the data and to confirm or refute these
conjectures. The analysis led to plausible explanations of how the
learning arrangement characteristics fostered or constrained student
conceptual development.

FINDINGS

We present the analysis of pretest and posttest results, followed by the
patterns emerging from the data to describe how student understanding
developed during the lessons. Subsequently, the results of the second
analysis are presented in which explanations were sought for the patterns
found in the first step.

Student Conceptual Understanding

The mean percentage of correct answers to the multiple-choice pretest and
posttest items are shown in Table 1. The pretest percentage of correct
responses to items on dc current and voltage indicate low levels of
understanding at the start of the lesson series. Only the closed circuit was
relatively well understood, with almost 60 % of the students correctly
answering an item about the way to connect a light bulb in a circuit.
These low levels of understanding are confirmed by the responses to the
open-ended items. Almost 25 % of the students used the concepts of
electric current and energy in their responses but did not distinguish
between these concepts. Just over 50 % of the students correctly
described a series connection while less than 20 % correctly described a
parallel connection. Almost 50 % of the students used alternative
concepts such as the current used or the unipolar model.

The posttest responses show students in the inquiry class were able to
interpret drawings and circuit diagrams; however, recognizing different
representations of parallel circuits proved somewhat more difficult (68 %
correct). They were able to answer items on current, voltage, and
resistance in dc electric circuits (74–100 %), in particular on electric
current in series and parallel circuits, the brightness of light bulbs or
energy converted in light bulbs, the basic rules of potential difference in
series circuits, and resistance as a property of circuit elements. Items
about the voltage in parallel circuits and about the effects of changing a
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resistance proved somewhat more difficult (53–63 %), particularly an
item about open-circuit voltage (37 %). Students successfully answered
an item on the effect of batteries in series (89 %). Items on the battery as a
voltage (as opposed to a current) source were more difficult for them (21–
58 %). Responses to the open-ended items generally confirmed these
results. They also showed most students could not predict voltages and

TABLE 1

Percentage of correct responses to pretest and posttest multiple-choice items

Learning aim

Inquiry class Non-inquiry class

Prea Postb Prec Posta

Interpret circuit diagrams
Need for closed circuitd 84 90
Two connections on circuit elementse 57 100, 84 60 86, 86
Recognize short circuitse 100, 95 95, 81
Interpret pictures/diagramsf 95, 95, 68 81, 86, 71
Connection of ammeter and
voltmeterd

89 71

Understand relevant concepts
Current as moving chargee 29 84, 89 20 71, 81
Conservation of chargee 10, 48 89, 84 0, 30 57, 33
Potential difference in series circuitf 74, 84, 89 76, 43, 86
Potential difference in parallel circuitd 24 63 40 86
Resistance of circuit elementse 100, 74 52, 57
Resistance series/parallel
arrangementd

53 14

Current when resistance is changedd 38 63 50 48
Power in a circuite 74, 89 52, 71
Current depends on voltage
and resistancee

95, 100 81, 43

Potential difference in open circuitd 37 57
Understand role of battery
Battery as a voltage sourcee 58, 21 38, 57
Battery provides energy to the circuitd 89 38

M (SD) 34 (16) 80* (9) 33 (18) 65* (13)

an = 21
bn = 19
cn = 20
dOne posttest question
eTwo posttest questions
fThree posttest questions
*p G 0.001
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resistance in more complicated circuits (e.g. containing a parallel and a
series part).

In summary, the conceptual learning aims of the lesson series were to a
large extent accomplished in the inquiry class. Moreover, the posttest
result of the inquiry class was significantly higher than that of the non-
inquiry class, t(38) = 4.076, p G 0.001, r = .55, indicating a higher level of
conceptual understanding of dc electric circuits. The pretest-posttest gains
of the target class and the comparison of the posttests of the two classes
justified a further investigation of the student learning processes in the
inquiry class and the factors influencing these processes, in which some
attention must be given to the ideas that were not so well understood by
the students.

Patterns in the Data

A first examination of the data on the experimental lessons suggested
four patterns framed as conjectures. The conjectures were then tested
on the whole body of data. A fifth conjecture arose in the second
step of the analysis when the relations between the patterns were
analyzed. More details on lesson and interview excerpts substantiating
the conjectures are provided in the Electronic Supplementary Materials
(ESM).

Conjecture 1. Classroom norms and expectations were explicitly culti-
vated by Mr. Adler in interactions with the students.

Classroom norms and expectations for the experimental lessons were
expressed in the student worksheets: understanding, active thinking and
exchanging ideas, using arguments, behaving respectfully and listening to
others, being allowed and allowing others to make mistakes, asking
questions, and cooperating. In line with the conjecture, Mr. Adler
regularly referred to these norms and expectations. During the first
lessons, he made clear that active participation and trying to achieve
understanding were more important than making mistakes and obtaining
the correct answers from the teacher (e.g. in lesson 1: “Everybody is
asking me, is it right, is it right … but in the end, the question is what do
you think?”). In later lessons, class discussions developed in which
several students came forward with their ideas so these norms appeared
accepted by the students. In lessons 5, 8, and 10 brief discussions took
place with students who said they preferred listening to teacher
explanations rather than finding answers by inquiry. In his reply, Mr.
Adler referred to the effectiveness of the approach (details in ESM). In
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lesson 11, students were concerned about preparing for the final
assessment. In that discussion Mr. Adler emphasized, amongst others,
the importance of active participation and understanding.

Subject-specific norms, such as explaining phenomena in terms of the
charged particle model, were not explicitly expressed. The teacher used
the model, and students started to talk in terms of the model. On a few
occasions, the teacher’s behavior seemed at odds with the classroom
norms of inquiry. For example, during parts of lessons 7, 9, and 13, Mr.
Adler explained physics content instead of using a more interactive
approach.

Four students, interviewed after the lessons, stated their active
participation had increased in comparison to the usual physics lessons
(“I used to accept what the teacher says and that’s how it is. But now you
got these models and you had to think about it yourself … I pay more
attention, because you have to think about it yourself.”). Three out of four
students mentioned an increased responsibility for learning (i.e. the
answers were not provided by the teacher). Two girls mentioned the
emphasis on understanding, cooperation, and listening to others as
distinguishing elements of the lessons.

A large extent of the data confirmed that Mr. Adler expressed and
discussed norms and expectations related to a culture of inquiry and the
school culture. Subject norms remained more implicit. Students had
noticed active participation and their responsibility to reach understanding
as the most visible of these norms.

Conjecture 2. Generally, Mr. Adler’s students were engaged during the
lessons.

The recordings of student group work during lessons 1, 3, 4, 6, 9, 10,
and 12 revealed that on average 80 % of the time students talked was on-
task. The impression of student engagement was confirmed by the
interactions during class discussions, interviews, and assessment
results. For example, in all lessons we found students asking
content-related questions, coming forward with their ideas, or
commenting on each other’s or the teacher’s ideas. Most engagement
was shown by a group of about four girls who carried on with the
discussion after the lessons. However, in some lessons (particularly 3,
10, and 11) a group of approximately five students (mostly boys) did
not actively participate in the whole-class discussions; audio record-
ings of this group during lesson 9 showed mostly off-task talk (e.g.
more than 90 % of the time in a 10-min inquiry task). Therefore, the
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conjecture was confirmed for the majority of students in Mr. Adler’s
class while occasionally a minority did not show engagement.

Conjecture 3. Students used the model of charged particles while they
developed an understanding of electric circuits.

We analyzed the audio transcripts, the conceptual quiz, and three
randomly selected student workbooks to find confirmations and refuta-
tions of this conjecture. There were two indications of student
understanding: (a) students talked or wrote using the theories of school
physics and the charged particle model (e.g. demonstrated by students
correcting other students) and (b) there was a lack of evidence contrary to
understanding (e.g. if students built a closed circuit without discussion or
took for granted that current is the same on both sides of a light bulb). We
interpreted as lack of understanding student talk or written work
inconsistent with secondary school physics.

Student conceptual understanding developed during the lessons. The
charged particle model was used in student utterances in all lessons
except the introductory lesson and lesson 12, a practical lesson with a
quantitative focus. The context in which reference was made to the
particle model mostly concerned students asking questions or answering
teacher, workbook, and other students’ questions. Students initially did
not understand basic aspects of electric circuits, such as the precise
meaning of a closed circuit, the nature of electric current, and the role of a
battery in a circuit. The following examples illustrate how different
students talked about electric current at the start of the lesson series and in
an interview afterwards (examples from other lessons in ESM):

Lesson 1. The electric energy or current has to flow in a closed circuit from the battery to
the light bulb and back and because of this the bulb will light. (41:55)
Interview: At the negative side of the battery there is a surplus of electrons, at the positive
side there is a shortage.… The higher the difference, the higher the voltage.… Because,
the surplus of electrons at the minus side repels the electrons, and the electrons are
attracted by the protons at the positive side. So the electrons start to flow and the higher
the pushing and pulling forces, the more they start to flow … the higher the amperage.
The number of amperes is the current.

The examples show that understanding of a concept grew gradually
and evidence of this understanding became apparent in student talk and
written work. New ideas, such as the concepts of voltage or parallel
circuits, initially gave rise to questions and different, often idiosyncratic,
interpretations. Conceptual difficulties shifted to more complicated issues
in the course of the lessons such as the distinction between the resistance
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of a circuit element and of the system as a whole. In those more
complicated cases, the teacher’s support was necessary for students to
reason successfully with the charged particle model. By the end of the
lesson series, the better students could explain, in terms of moving
charged particles, the cause and nature of the electric current and why the
light bulb lights. They could relate their explanation to measurable
variables and distinguish the concepts of current and voltage and of
current and energy. In conclusion, the conjecture was confirmed by the
data although considerable differences between students remained.

Conjecture 4. The student experiments were characterized by inquiry and
structure.

Student experiments were guided by research questions in the student
workbook and by general (instead of stepwise) instructions. Mr. Adler
conducted class discussions before and after experimental work. He
referred to theoretical ideas discussed before the experiment such as the
idea that electrons provide energy to the light bulb and are not consumed
(lesson 4). He repeated the aim of experiments (“Is the current before the
light bulb equal to the current [after the light bulb]?”) and asked for
expected outcomes. He brought up theoretical consequences after the
experiments (lesson 5: “What can you conclude about what happens in
the filament?”). During experiments, students mainly talked about
correctly setting up circuits and making correct measurements. When
asked by the teacher or first author, students could refer to the research
questions and hypotheses and to experimental evidence during theoretical
discussions in later lessons.

Mr. Adler used direct instruction with regard to the correct use of
an ammeter (lesson 4) or voltmeter (lesson 6) and the circuit students
were expected to use (lesson 8). During the experimental work, the
teacher and first author provided scaffolding to groups of students
about setting up the circuits (“Think, before you build it, of what it
will look like on the table.”) and about the inquiry nature of the
experiment (“What again was the aim of this experiment?”; examples
from lesson 4). The teacher and first author also discussed the
interpretation of results with students, for example, when they found
that students based their conclusions on small deviations from the
ideal circuit behavior.

The evidence suggests that the experiments had elements of inquiry.
The preparation and follow up linked the experimental work to the
development of theoretical ideas. There was additional teacher support
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during the experimental lessons, which sometimes interfered with the
inquiry but allowed students to obtain meaningful results.

Conjecture 5. Classroom norms of inquiry and the enactment of an
adequate local instruction theory were instrumental in
establishing student engagement and conceptual under-
standing.

The presence of classroom norms of inquiry and the enactment of an
adequate local instruction theory were observed in large parts of lessons 1
to 7. In these lessons, students actively participated in response to teacher
questions and the tasks set in the worksheets. Engagement and
development of understanding went together as indicated in the
description of Conjecture 3 and by the conceptual test results. The
vignette from lesson 7 in the ESM is an example of this general
pattern. Students challenged each other’s ideas and made clear what
they did not understand. The teacher responded to the students,
pointed to relevant issues, and asked questions. Our interpretation of
this pattern is that the interplay of new classroom norms (student
contribution of ideas) and local instruction theory (a task set that
made sense to the students in a teacher-guided discussion) fostered
engagement and made it possible to move toward accepted physics
theory and increased student understanding.

However, the general pattern of lessons 1 to 7 did not apply to all
students. In lesson 3, a group of boys did not actively participate in the
discussions. In lesson 9, the groups worked on conceptual problems and
could test their ideas using computer simulations. Most students were
engaged, but one group of boys was mostly off-task and other students
complained about the low quality of their contributions. In lesson 10,
these boys challenged the classroom norms by stating their preference for
teacher-directed explanations. One of the boys confirmed this preference
in a postlesson interview: teacher explanations allowed him to learn the
content without spending the effort to find answers by himself. It appears
this group had not accepted the classroom norms of the experimental
lessons.

Student engagement and the development of student understanding
decreased when lessons did not unfold in line with the classroom norms
of inquiry or when the local instruction theory was inadequate. For
example, when the teacher gave long explanations of physics content
amongst others in parts of lessons 8 and 11, only a few students interacted
with the teacher while others were observed talking off-task and
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complaining about the teacher talking too long. The results of the
conceptual test showed the topic discussed in lesson 11, the effect of
changes made to parallel circuits, remained difficult for most
students. In lesson 12, the local instruction theory proved inadequate
because the research question guiding the lesson was too difficult for
students to understand. Students kept asking questions about the setup
of the circuit and the measurements to make. This focus on
procedural aspects indicated the experiment left little room for
inquiry.

Some students remained engaged in the lesson activities even when
the teacher did not behave in line with inquiry classroom norms. For
example, in lesson 11 a small group of students, mostly girls,
participated in the class discussion while others could be observed in
off-task talk. According to Mr. Adler, at least one of these girls saw
the experimental lessons as an opportunity to improve her physics
grades. Her posttest results were among the highest of the class.

The data indicate a confirmation of Conjecture 5 for the majority
of students although there is too much diversity to make a firm
claim. A small group of boys did not accept the classroom norms and
their engagement remained low. A small group of girls remained
engaged and on-task even when the conditions of the conjecture had
not been met.

CONCLUSIONS AND DISCUSSION

We found that student conceptual understanding had increased in Mr.
Adler’s experimental class. Many students developed the ability to
interpret circuit diagrams, to distinguish the concepts electric current,
voltage and resistance, and to explain the role of the battery or power
supply. While at the start of the lesson series students often reasoned
according to the current consumed model, this seldom happened at the
end. Some topics were still difficult, including aspects of parallel circuits,
an electric circuit as a system, and the battery as a source of constant
potential difference.

Starting from the introductory lesson, students constructed, voiced,
and tested their ideas during experiments and during small-group and
whole-class discussions when answering conceptual questions and
interpreting computer simulations. Students received feedback on their
ideas from peers and the teacher. Reading the text about electric
charges and moving electrons provided a starting point for students to
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develop explanations for the electric phenomena they observed. While
they developed ideas on electric current, students raised questions on
the role of the battery and of the lamp filament in a circuit, which
naturally introduced the need to know about the voltage and
resistance concepts. We found that the introduction of battery voltage
as a measure of the difference between a surplus of electrons and a
shortage of electrons to be helpful. We observed only a few instances
in which students incorrectly connected voltmeters and ammeters after
the resistances of these meters had been discussed. Early in the
lesson series, discussions focused on a single concept; toward the
end, discussions involved multiple concepts and the relation between
concepts. Most students could apply the current, voltage, and
resistance concepts to series circuits but needed help to reason about
parallel and combined circuits.

We found that new classroom norms were enacted by the teacher and
widely accepted by the students: the teacher engaged, used, and valued
student ideas and students were expected to actively contribute ideas,
results would be arrived at cooperatively, and all students were expected
to develop their own understanding. The classroom norms led to a
dynamic exchange of ideas, which we interpret as an emulation of
scientific activity (Hung & Chen, 2007). The conceptual quiz demon-
strated to students that assessment of and for learning would be aligned
with an inquiry-oriented culture. The enacted local instruction theory
involved the combination of conceptual tools, challenges, and supports
that made engagement rewarding for students. As a result, students saw
the experimental lessons as a way to understand physics not available to
them in the teacher’s traditional instruction.

The retrospective analysis showed how the instructional design enacted
during the teaching experiment fostered student conceptual understanding
while at the same time nourishing the culture of science. This design
study may help understand how shaping instruction that pairs the culture
of inquiry to fostering conceptual understanding can work in the
classroom and may be taken as an instance of this broader phenomenon.
More specifically, we may conclude that the three characteristics
described earlier complemented and reinforced each other (Kock et al.,
2013). The classroom norms of inquiry and science that recognized
potential discrepancies between them and school norms (e.g. assessment)
fostered the willingness of the students to invest in coming to grips with
the phenomena they were exploring. The structured character of the
activities (e.g. experiments shaped by theory-oriented questions) together
with the availability of initial theoretical starting points ensured that the
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inquiry-oriented attitude of the students was rewarded, which in turn
reinforced the classroom norms. Although learning processes differed
between students, this balanced approach gave rise to the growth of
the students’ conceptual understanding. Thus, the yield of this study
consists of a local instruction theory for electrical circuits and a
deeper insight into the way that guidelines played out in practice for
designing instruction that both fosters conceptual understanding and
meets the demands of the culture of science. Further research could
be directed to not only optimizing the local instruction theory but
also to developing and investigating a similar balanced approach in
other physics topics.

An important aspect of the local instruction theory was the use of the
charged particle model for electricity, which might be considered
questionable by some physicists. Here, however, the model served as a
tool for student thinking and collaborative reasoning, for example, by
helping students to distinguish current and voltage (Sengupta &
Wilensky, 2009) and to make sense of the computer simulations.
Moreover, the conceptual research questions that guided experimental
work stimulated students to interpret experimental results theoretically so
that these results became more than observed regularities. When students
were asked to reason about the effect of resistance in combined series/
parallel circuits, the model seemed to reach its limits when its use became
complicated for both students and teacher. The charged particle model is
one of the models and metaphors of electricity that students encounter in
their school career (Hart, 2008). It also might help students to take
subsequent steps in learning electricity, such as understanding resistivity
and Ohm’s law.

The approach followed in the experimental lessons appears suited to
the majority of these participating students. Most girls showed enthusi-
asm, appreciating the peer discussions and emphasis on concepts.
However, some students, mostly boys, comfortable with traditional ways
of physics teaching, did not show the expected engagement. This could
partly be due to the lesson sequence, which may have been too short for
these students to adopt the new classroom norms. On the other hand,
more differentiation may be required, taking into account different needs
while maintaining the characteristics of inquiry.

Without the teacher’s ownership and commitment, the lessons could
not have been successfully enacted. The teacher appropriated the general
goal of the project: making students experience science in the making
while fostering conceptual understanding. Moreover, he helped co-design
the instructional sequence and adopted the teaching philosophy. Owner-
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ship and buy-in are critical features for the implementation of reform-
based approaches. However, the lessons also demonstrated it is not easy
for teachers to create classroom norms of inquiry and foster conceptual
understanding. Demands are made with respect to classroom management
and pedagogical content knowledge, encompassing the topic of electricity
(Gunstone, Mulhall & McKittrick, 2009), as well as the local instruction
theory and the nature of the desired classroom norms. Mr. Adler and the
researcher could evaluate and adapt each lesson directly after the
enactment. This is recommended practice for design research cycles
(Gravemeijer & Cobb, 2006) and important to develop the local
instruction theory. Moreover, enacting inquiry-based instruction in a
supportive setting provides science teachers with the opportunity to
develop necessary pedagogical content knowledge and classroom
competences. Taking part in a design study can be an effective way for
a science teacher to develop professionally (Kock et al., in press).

Mr. Adler successfully enacted the inquiry-based lesson design in
which fostering conceptual understanding and cultural attributes went
together. Science education reforms that promote the nature of science as
inquiry might consider social and cognitive aspects of doing science and
meaning-making processes involving knowledge production as social
negotiation and individual conceptual growth and change. An appropriate
balance of these aspects requires an effective local instruction theory and
a teacher who is skilful in enacting it and in orchestrating social
interactions in the classroom.
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