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ABSTRACT

This research studies students’ functional understanding of magnetic induction,
the process by which changing magnetic flux induces electrical current in a circuit.
Functional understanding includes the ability to reason both qualitatively and quan-
titatively about a concept, as well as to translate among multiple representations of
the concept. Since this phenomenon has many applications, such as in power gener-
ators, microphones, seismometers, and automobile alternators, it is important that
students gain some understanding of it from their physics courses. However, this
research shows that over half of the students in an introductory physics course for
engineers cannot correctly answer conceptual problems about induction on their final
exam. There are a number of theoretical reasons why the topic of magnetic induc-
tion might be difficult for students to learn. It is comprised of multiple inter-related
abstract quantities that are inherently three-dimensional and that are changing in
time. In order to improve instruction on these difficult topics, it is necessary to study
student learning in detail.

We begin with an analysis of students’ initial states prior to learning induction.
The initial state includes students’ understanding of the fundamental concepts on
which induction is built, such as field, its representation, flux, and a number of
mathematical concepts. The difficulties that students have with these can influence
their learning of induction. The initial state also includes students’ awareness of the
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phenomenon of induction and the ideas they initially apply to induction questions
prior to any formal instruction on the topic.

We describe three sets of instructional materials developed, based on this on-going
research, to help students make the transition to better understanding of induction
as well as better understanding of and facility with the process of scientific inquiry.
First is a set of laboratory activities designed to introduce students to the topic of
induction. Two versions are described: an inquiry version that guides students to
develop Faraday’s Law as an explanation for simple experimental observations, and a
competing-hypothesis version that requires students to experimentally evaluate three
possible explanations for observed phenomena. In addition, both versions encourage
students to make connections between multiple representations of the concepts in-
volved and to connect Faraday’s Law to real-world applications. Second is another
set of laboratory activities designed to strengthen students’ understanding of induc-
tion after they have had more instruction. Students are asked to make a number of
qualitative graphical predictions for a complex situation involving a magnet moving
through a solenoid. They also generate a quantitative estimate for the maximum in-
duced emf. This challenges them to break a complex problem into parts and to decide
which measurements, approximations, and assumptions are useful. Third is a set of
tutorial activities, designed to supplement lecture and lab instruction, to emphasize
critical issues related to induction that are common sources of difficulty. Students’
interaction with these materials are described throughout.

We characterize students’ understanding of induction at several instances during
their instruction—including their final states at the end of the course. In particular,

we describe the prevalence and evolution of students’ ideas, and the degree to which
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they use a mix of ideas, before and after their initial (laboratory) instruction about
induction. We continue with an analysis of the common observed difficulties students
have with a number of induction questions throughout their instruction, including
the identification of a number of ways in which they misapply the correct “change in
flux” idea.

We identify a number of broader cognitive difficulties that are observed in this
context of induction. Students struggle to distinguish related quantities—including
a quantity and its rate of change or instantaneous rate of change and change over
a finite time interval. They sometimes interpret or apply the idea of “constant”
inappropriately. In addition, they sometimes invert the causal relationship between
quantities. We also describe the use of general intuitive ideas students apply in the
context of induction that, when cued and applied appropriately, can serve as cognitive
resources or, when cued or applied inappropriately, seem to support incorrect physical
ideas.

Finally, we emphasize issues related to the representations of the concepts related
to induction and how they affect students’ learning in both positive and negative ways.
We identify a number of difficulties with the interpretation of canonical verbal, phys-
ical, and mathematical representations of induction-related concepts. We describe
both successful and unsuccessful representations students spontaneously used to an-
swer related exam questions. We discuss features of representations—including the
use of interactive dynamic simulations—that may help improve students’ functional

understanding.
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CHAPTER 1

INTRODUCTION

1.1 Introduction to Physics Education Research

Physics is perhaps the most fundamental subject in science. It describes the way
the world works, from the ways in which elementary particles interact to the ways
in which galaxies interact. If students want to understand or develop the technology
of our society, they would benefit from understanding physics. Yet, many students
find physics a difficult subject to learn. Over the past thirty years, some physicists
have begun to focus their research efforts on studying the ways in which students
learn physics in an effort to improve this learning.! Reif [1] provides a useful analogy
between physics education and quantum mechanics. He suggests that the students
begin in some initial state of understanding of the way the world works. The goal of
physics education is to transform students into a desired final state of understanding.

Instruction is then the operator that achieves the transition from initial to final state.
| finat) = E [Winitiar) (1.1)

Here the instruction operator is written, after Van Heuvelen [2], as E rather than [

in order to emphasize that it is, hopefully, not the identity operator. This model of

IThere are currently about ten Physics Education Research Groups at large research universities
and many individuals or groups at other universities.
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physics education reveals three critical components of physics education research: the
characterization of the students’ initial states, the characterization of the desired final
state (as agreed upon by a large number of active physicists), and the development
of effective curricula to maximize the transition for all of the students. Reference
[3] provides an overview of much of the research to date in this field, primarily at
the university level. In addition to studying how students learn to solve problems
in the context of physics and the effectiveness of active engagement strategies for
teaching physics, a large number of studies have investigated students’ learning of
specific physics topics in detail.

This research on students’ understanding can be roughly classified into two distinct
research perspectives (although they may also be viewed as the two ends of a contin-
uum). (For a discussion of the differences and value of both, see [4].) The first, often
referred to as ‘misconceptions research,’” focuses on empirically observed difficulties
students have in specific physics contexts. The identification of these difficulties leads
to improved instruction targeted to elicit, confront, and revise physically inaccurate
understanding so that students can better predict and explain physical phenomena
[5]. The second perspective, referred to as ‘alternative frameworks’, ‘facets of student
knowledge’, or ‘knowledge in pieces’ (c.f. [6]), focuses on identifying and building on
small, general, intuitive ideas students have naturally developed about the way the
world works. For example, when an object is pushed, it tends to move in the direction
of the push; and the larger the agent (push), the larger the effect. These ideas are
not inherently incorrect and may be used as resources in learning about physics.

While these two perspectives focus on different aspects of students understanding,

they are not mutually exclusive. For example, instances in which students misapply



a small intuitive idea in a specific physics context can be considered to be a ‘mis-
conception.” Such incorrect responses on one or several questions may or may not
represent a robust, coherent, and complete model that is physically incorrect. The
‘misconceptions’ research perspective tends to identify, classify, and quantify the fre-
quency of instances in which students have trouble predicting or explaining physical
phenomenon that are considered important for good functional understanding of con-
cepts in physics. On the other hand, the ‘knowledge in pieces’ research perspective
tends to identify fundamental, intuitive ideas that naturally develop that students can
learn to use to construct more physically accurate understanding. (This view is not
as concerned with the prevalence of any associated difficulties each idea causes due
to inappropriate application in specific physics contexts.) Both views can contribute
a great deal to our understanding of where students have the most difficulty and how
we can best develop effective instruction to help assist students in the transition from
their initial ideas to the desired final state.

Studies have found that many of the misconceptions or difficulties are very preva-
lent among students and very resistant to change during the course of traditional
lecture-based physics instruction (c. f. [7] in the context of current in simple circuits,
[8] regarding the concept of acceleration, and [9] in other mechanics contexts such as
Newton’s Laws.) Often, a student may learn new ideas during instruction that then
co-exist with the previous ideas rather than replacing them. Then knowing when to

apply each idea can be difficult for students, as well as interpreting the idea correctly.



1.2 Introduction to This Work

Much research has focused on identifying and addressing students’ difficulties re-
lated to concepts in mechanics, such as force, acceleration, velocity, work, and energy.
Some work has been done identifying students’ misconceptions in physical optics, ge-
ometrical optics, electrostatics, DC circuits, and magnetism (c.f. [3]). Not much has
been done to investigate students’ understanding and learning of topics in electro-
magnetism (electrodynamics). My research focuses on students’ learning related to
magnetic induction, the process by which changing magnetic flux induces an electri-
cal current in a circuit. Since this phenomenon has many applications—for example
in power generators, microphones, seismometers, and automobile alternators—it is
important that students gain some understanding of it from their physics course.
However, my research shows that fewer than half of the students in a traditionally-
taught introductory physics course for engineers could correctly answer conceptual
problems related to induction on their final exam. These results will be discussed in
detail in Section 4.1. One study by Peters shows that even junior-level physics majors

have difficulty with the central concepts related to induction [10].

1.2.1 Magnetic Induction

The topic of electromagnetic induction centers on Faraday’s Law. As stated in a
typical calculus-based introductory physics text (used for this course at Ohio State),
“the magnitude of the emf induced in a conducting loop is equal to the rate at which

the magnetic flux ®p through the loop changes with time” ([11], p. 754), or

d®p

£=——7,
dt

(1.2)



where ®p is the magnetic flux through a loop. The minus sign is often described as
representing Lenz’s Rule which states that any current induced due to the emf will
be in a direction such that its associated magnetic field will oppose the change in flux

in the region.
By = /E-d[f, (1.3)

where B is the magnetic field strength at an infinitesimal region, dA, of the closed
two-dimensional surface. The dot product, in effect, picks out the strength of the
component of B parallel to a vector normal to the surface (7), and the integral sums
this field component across the whole surface. The amount of emf induced is then
proportional to the rate at which this magnetic flux is changing in time. emf itself is
similar to voltage in that it can drive a current around a closed loop of conducting
material. (It is introduced in Halliday and Resnick [11], p.753, as “the work done
per unit charge...in moving the conduction electrons in producing [induced] current.”)
However, it is not the same as a voltage because, for example, it does non-conservative
work. That is, if one pushes a charge, ¢, in a closed loop against the circular electric
field associated with the emf, [ E - d3 around the closed loop is not zero. A flow-chart
that outlines the concept is shown in Figure 1.1.

It might be more fundamental to describe the phenomenon of induction in terms

of the related Maxwell’s equation:

-~ o 1dB
E=——. 14
VX c dt ( )

This in essence says that a changing magnetic field has an associated (circular or
‘curly’) electric field. However, in a typical introductory physics class, this idea is
only used to introduce the topic of magnetic induction in a qualitative way: that
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Figure 1.1: Schematic of conceptual ideas related to magnetic induction. The shaded
regions represent the main conceptual ideas.
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electricity (moving charges) creates magnetic fields and so, too, can magnetic fields
create electricity. Then in terms of specifics and calculations, attention is focused
almost exclusively on the concept of emf. The two types of questions stressed are those
regarding the magnitude of any induced emf, and the direction of any induced current.
Therefore, this dissertation focuses on identifying how students learn to interpret
the present instruction so as to improve this rather than try to revolutionize the
way magnetic induction is taught at the introductory level. (There are introductory
textbooks that do treat the non-Coulomb electric field very heavily (c.f. [12]) and do
emphasize the difference between potential difference and emf.)

There are a number of theoretical reasons why the topic of magnetic induction

might be difficult for students to learn. Induction is comprised of
e multiple inter-related abstract quantities,
e that are inherently three-dimensional,
e and that are changing in time.

Multiple inter-related abstract quantities. As Reif points out, many everyday con-
cepts, such as love, are abstract. However people need not agree on their interpre-
tations in any given context. In contrast, the abstract concepts in science require
unambiguous interpretation. [1] Induction involves the relationship among a number
of abstract physical quantities such as magnetic flux, magnetic field, area, emf, and
current. Further it has a number of mathematical ideas embedded within, such as
the integral, dot product, derivative with respect to time, normal vector, and the
interpretations of the signs of flux and emf. Most, if not all, of these are invisible
quantities that are difficult to visualize since students have relatively little personal
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experience with them compared to many concepts in mechanics. While students have
been exposed to each of them previously in their instruction, they often have unre-
solved questions or difficulties with them individually. Even the representations for
many of these quantities, mainly in the form of arrows, can be difficult for students
to master. (Good representations for flux and emf don’t even exist.) All of these
difficulties may be heightened by the simultaneous interaction of so many concepts
and representations in the context of induction.

Inherently three-dimensional. The dot product in the definition of flux tells us
that the component of magnetic field perpendicular to the face of the closed area is
the relevant one. Equation 1.4 tells us that any induced current (and induced (curly)
electric field) is necessarily generated in the plane of the loop—perpendicular to the
magnetic field that is causing it. The three-dimensional relationships between the
induced and original magnetic fields, the emfs, the induced and original currents, and
the physical apparatus are difficult to represent clearly both internally (in one’s mind)
and externally (on paper or on the blackboard).

Changing in time. The time derivative in Faraday’s Law reminds us that induced
emf requires the dynamic interaction of the multiple, abstract, three-dimensional
picture. Visualization and analysis of the amount of flux present at a single instant
in time (a single ‘snapshot’ view) is insufficient.

In practice, instructors agree that students struggle with this topic. In order to

improve instruction, it is necessary to study the students’ learning in detail.

1.2.2 Previous Research on Magnetic Induction

There is not much literature on previous research of students’ learning of magnetic

induction. One study by Peters suggests a series of questions involving several light
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bulbs connected in simple circuits enclosing a region of temporally changing magnetic
fields [10]. The questions and experiments described are based on papers by Reif [13]
and Romer [14] that discuss the issue of exactly what a voltmeter reads when it is
connected in such circuits. Peters describes junior-level physics majors’ difficulties
with emfs on one such problem, shown in Figure 1.2. Note that this question is
more difficult than some mentioned, however these students had had this type of
problem on previous homework, and most had had an “intensive two-term lecture-
lab course on electronic circuits.” Peters reports students’ success rates (for the 50
of 54 students who responded) as indicated on the figure. He notes that the three
single-loop parts—(b), (c), and (d)—had the highest success rates, while part (a) was
lower, probably because it involved analyzing two loops. He suggests parts (e) and (f)
might be lower since for those, the battery plays a role—although it is not actually
necessary to include it in the analysis, especially for (f). He concludes that it is of
interest that even physics majors “well on their way to graduation” have difficulty
understanding this aspect of induction.?

Harrington et al [15] gave a conceptual problem after instruction on induction in
which students were asked to indicate the direction of any induced current in loops
shown in various magnetic fields. They found, for example, that only 41 % of the
students (130 of 317) correctly responded that there would be no current induced if
the loop was stationary in any of the constant uniform or constant non-uniform fields
shown. For the same situation (constant fields and stationary loops), they found that

2Rather than pursuing this type of question (involving circuits) with introductory students, we
decided to begin with more basic questions about induction and emfs alone. If students have difficulty
with the fundamentals, it would not be surprising that they have difficulty with induction and emf
in situations involving circuits—where studies have shown they have difficulties independently. (c.f.
[3] and [7]).



In the circuit shown in the diagram, the current in the solenoid (along solenoid
oriented perpendicular to the figure) isin the direction shown and isincreasing linearly
with time. The battery has a voltage equal to the emf of aloop around the solenoid. The

bulbs are all the same and, for

calibration, one bulb connected to the A

battery has brightness B1, two bulbs in C ®
series connected to the battery have X
brightness B2, three have B3, etc. The

S
internal resistance of the battery is T
much less than the resistance of the - 1
bulbs.

©)

@
B
(@) Givethe brightness of each bulb (13 % correct)
for the circuit as shown.
For each of the following parts, give the
brightness of each bulb when the indicated
alteration is made on the original circuit:
(b) Bulb#1 isunscrewed. (46 % correct)
(c) Bulb #2 isunscrewed. (69 % correct)
(d) Thewireiscut at C. (81 % correct)
(e) Thecircuitisshorted from A to B (26 % correct)
by awire around the right side of
the circuit.
(f) Thecircuit isshorted fromA to B (61 % correct)
by awire around the left side of the
circuit.

Figure 1.2: Peters’ exam question on induction, re-created from [10]. Students’ suc-
cess, in percent correct, is shown in parentheses. (N = 50.)
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27 % of the students’ pattern of answers corresponded to a use of the presence of flux
rather than change in flux as the deciding factor. For example, they quote one of
these students as saying “the current creates a B field that opposes the external field,
Lenz’s Law.” 19 % of the students they studied responded in a way that implied
a confusion between spatial and temporal representations of the situation. These
students correctly said there would be no induced current in a situation where the
loop was shown in a uniform magnetic field (passing through perpendicular to the
face of the loop). However, they incorrectly said there would be an induced current
for the other three situations in which the field was shown to be diverging either to the
right or to the left—even though they were told that the loops were stationary and
the fields were constant. The researchers quote students’ reasoning such as “(current)
counters the decrease in the flux on the right.”

Harrington et al also conducted interviews with students about the case of a bar
magnet approaching or going through a loop of wire or an extended solenoid connected
to a galvanometer. From the interviews concerning the solenoid, they found that some
students seemed to associate magnetic flux with a volume rather than an area. This
caused trouble for students who struggled to reconcile the fact that the magnetic flux
through any volume must be zero since there are no monopoles yet in the context of
magnetic induction a change in flux is critical. Other students indicated that the flux
due to a stationary bar magnet near a single loop would be zero (rather than constant

4

but non-zero) because, for example, “...the flux going in equals the flux going out.”
With this idea, it is hard to imagine when there could ever be any net flux—even in

the context of electric flux for a Gaussian surface enclosing a point charge. The flux
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is not absorbed by the solenoid or Gaussian surface. In these interviews, they also
saw evidence of students confusing the ideas of flux and change in flux.

Gruner [16] describes four groups of students’ learning of magnetic induction at
the U.S. Air Force Academy. For one group of students, they replaced some labora-
tory activities and lectures on this topic with selected tutorials from the Tutorials in

Introductory Physics [17]. A second control group took the same pre- and post-tests

as the tutorial group, but did the regular instruction rather than any tutorials. A
third group, the majority, just received the standard instruction without doing any
of the tutorial pre- or post-tests. The fourth group was comprised of the Honors
sections of the course. On the final exam, all of the students were asked a three part
question on induction: whether there would be a current induced in a rectangular
copper loop moving parallel to a straight current-carrying wire; if so, in what direc-
tion; and explain your reasoning. She reported that 74 %, 55 %, 52 %, and 70 % of
the students, respectively, answered the first part of the question correctly. 48 %, 6
%, 17 %, and 45 %, respectively, gave what was considered to be correct reasoning.
Her study, concurrent to the one described in this dissertation, found that some stu-
dents feel that the motion of a loop, even parallel a current, is sufficient to induce
current in the loop. Other students feel that the magnetic field alone is sufficient to
induce a current in the loop, even if it is not varying in time. (She notes that none
of the students in the tutorial group gave this explanation.) Finally, she notes that
a number of students tried to apply the Lorentz force equation or the equation that
F=1lx é, while others tried to apply a vague Lenz’ Law idea of opposition (for

example, to the motion).
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These studies show that the topic of magnetic induction is not easy, even for
junior-level physics students. While they provide some insights into several difficulties
students encounter, it seems clear that more detailed research is necessary to fully
identify and quantify students’ ideas (and their prevalence) about the concepts related
to induction in fundamental situations and to develop more effective instruction to

improve students’ understanding.

1.2.3 Outline of This Dissertation

This dissertation addresses the need for a more detailed investigation of introduc-
tory calculus-based physics students’ understanding of the complex topic of magnetic
induction, which has many applications in our society.

The contribution of this dissertation to the field is as follows:

e a detailed, organized survey of students’ difficulties with the concepts on which

magnetic induction is based;

e a detailed, organized survey of students’ difficulties while learning about mag-

netic induction—including representation-related issues;

e two versions of guided-inquiry laboratory activities, developed based on this
research, that introduce magnetic induction, along with an assessment of the

change in students ideas about induction as a consequence of this instruction;

e an Experiment Problem laboratory on induction, developed based on this re-

search, along with an analysis of students’ performance during this instruction;
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e a set of paper-and-pencil activities on induction, with an emphasis on translat-
ing among multiple representations, that was developed based on this research,

to supplement traditional instruction on induction;

e a study of the prevalence and evolution of the ideas students use as they learn

about induction—including the characterization of their mixed states;

e examples of broader cognitive issues observed in the context of induction, in-
cluding the use of intuitive ideas, so-called p-prims, that students apply in the

context of induction that can serve as cognitive resources.

The organization of this dissertation is as follows. Chapter 1 introduces the physics
of magnetic induction and describes the general research issues and research tools in-
volved in conducting this investigation. Chapters 2, 3, and 4 follow the Reif model
of student learning, described previously. Chapter 2 characterizes students’ initial
states of understanding (|¥;y44:)) immediately prior to their instruction on magnetic
induction. Chapter 3 describes a number of instructional activities (educational op-
erators, E) that were designed and revised, based on research on students’ learning of
induction, to improve students’ understanding of induction and their ability to con-
duct scientific investigations and to solve complex problems. Chapter 4 characterizes
students’ understanding of induction at several instances during their instruction—
including their final states (|¥ina)) at the end of the course. Chapter 5 synthesizes
some of the broader cognitive issues that underlie many of the difficulties that were

observed. Chapter 6 emphasizes issues related to the representations of the concepts
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involved in induction. It describes how the representations themselves affect stu-
dents’ learning of the concepts—in both positive and negative ways. Finally, Chapter

7 summarizes this work and suggests directions for future research.

1.3 Research Methods

1.3.1 Probing Functional Understanding

The goal of instruction is for students to understand physics. But what is meant
by “understand?” Functional understanding is comprised of three dimensions: (1)
conceptual understanding, (2) the ability to reason qualitatively about the concept
(including the ability to translate among its multiple representations in any direction),
and (3) the ability to solve quantitative problems. Conceptual understanding includes
the ability to picture and describe concepts (for example, velocity or resistance), as
well as the ability to distinguish between closely related concepts. Qualitative reason-
ing includes the ability to reason about physical processes without using math and to
decide how simple changes affect the outcome of the process (for example, the ability
to decide how an object’s mass affects its terminal velocity or how closing a switch in
a circuit might affect the brightness of the bulbs in the circuit). Quantitative problem
solving includes the ability to calculate numerical solutions (for example, the ability
to calculate an object’s terminal velocity or the current through a given resistor using
Kirchoff’s rules). It also includes the ability to break complex problems into smaller
parts, to estimate quantities, and to decide when approximations are appropriate. It
involves using the mathematical language as a tool, with understanding, rather than

simply substituting numbers into memorized formulas. It includes knowing when
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various equations are applicable and when they are not. Translating among represen-
tations includes the ability to construct verbal, pictorial, physical, and mathematical
representations from each other. While there may be some overlap among the com-
ponents described here, the point is that functional understanding is not restricted
to any one or two of them alone. Figure 1.3 summarizes the aspects of functional

understanding and gives some examples in the context of magnetic induction.

Multiple and variety of questions necessary

To develop deep functional understanding, students need to apply physics con-
cepts multiple times in a variety of contexts over an extended time interval. (c.f. [18],
[19], [5], [9], [20], and [21].) So, too, do researchers need to ask a large number of
questions in a variety of situations in order to be able to investigate these students’
functional understanding. Experience and research has shown that correct answers
to quantitative problems is not sufficient to guarantee correct responses to and expla-
nations of corresponding qualitative conceptual questions (c.f. [22], and [7]). Since
the length and frequency of exams are finite, one can only approximate students’
understanding. However, the approximation will be reasonable if the questions are
asked in multiple ways, using multiple contexts and representations, and are ones that
many good instructors would agree their students should know at the end of their
instruction on this topic. If the questions are clear and carefully constructed, they
can certainly provide some information about the types and prevalence of difficulties
students have when learning about the topic.

For this study, data was collected about students’ understanding of magnetic in-
duction and its underlying concepts at many times throughout the course of instruc-
tion. Introductory Electricity and Magnetism (Physics 132) is taught every quarter
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Figure 1.3: Aspects of functional understanding and examples in the context of mag-
netic induction. 17



at Ohio State University. Although each instructor can create his or her own syllabus,
it is usually very similar from quarter to quarter. Tables 1.1-1.3 show the syllabus
from the Autumn 1999 Quarter. The assessments that included questions described
in this dissertation appear in bold.

Individual student interviews were conducted during and after instruction on mag-
netic induction. Data from written tests were collected before and after many of the
laboratories, on some of the weekly recitation quizzes and on the final exam. Finally,
a multiple-choice survey was given at the very beginning of the course and again at the
beginning of the subsequent course. Results from these will be discussed in this work.
The assessments included questions and activities requiring translations among mul-
tiple representations, and both conceptual and qualitative questions. One traditional
quantitative final exam problem was analyzed (from Spring Quarter, 1998), however
a lack of explicit student reasoning made it difficult to determine what students ac-
tually understood about this problem conceptually. It was decided to focus, at least
initially, on the other aspects of understanding as described above. In many ways
it seems a solid conceptual understanding can act as a basis for good quantitative
problem solving. In addition, students’ performance on an quantitative estimation

laboratory activity was investigated.

Correct reasoning necessary

In order to assess students’ functional understanding of concepts in physics using
their responses to written questions, it is necessary they submit written explanations
of their reasoning in addition to their answers.> As reported often by the physics

3Individual student interviews can fill in details of individual students’ reasoning, but they cannot
establish the prevalence of these ideas among an entire population.
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Week 1 Laboratory: No lab this week
Homework: Chap 22: 5, 8, 13, 18, 20, 22, 23,31, 34

Sep 20 M - No Class

Sep21 T - No Class

Sep 22 W L Electric Charge 1) Chap 22: Sec 1-3
Sep 23 R R Electric Charge

Sep 24 F L Coulomb’s Law 2) Chap 22: Sec 4-6

Week 2 Laboratory: Electric Force, Electric Charge, and Diagnostic Test
Homework: Chap 23: 5, 10, 22, 25, 32, 43, 54, 57, 59

Sep 27 M L Electric Field and Force ~ 3) Chap 23: Sec 1-4

Sep28 T R Electric Fields

Sep 29 W L Electric Field and Force ~ 4) Chap 23: Sec 5-9

Sep 30 R R Electric Fields & Quiz #1

Octl F L Electric Flux 5) Finish-up Chap 23 & 24: 1-3

Week 3 Laboratory: Electric Flux and Gauss’ Law
Homework: Chap 24: 6, 25, 31, 35, 53, Chap 25: 10, 12

Oct4 M L Gauss’ Law 6) Chap 24: Sec 4-6
Octb T R Gauss’ Law

Oct6 W L Applications of Gauss’ Law 7) Chap 24: Sec 7-9
Oct7 R R Gauss’ Law & Quiz #2

Oct8 F L Electric Potential 8) Chap 25: Sec 1-4

Week 4 Laboratory: Electric Potential and Electric Fields
Homework: Chap 25: 28, 37, 41, 49, 57, 67, Chap 26: 3,9, 24, 28, 33, 43

Oct11 M L Electric Potential 9) Chap 25: Sec 5-8
Oct12 T R Calculating Potentials

Oct 13 W L Electric Potential 10) Chap 25: Sec 9-11
Oct 14 R R Potentials and Fields

Oct 15 F L Electric Potential 11) Chap 26: Sec 1-3

Table 1.1: Autumn quarter 1999 syllabus. L = 50 minute lecture sessions and R =
50 minute recitation sections (where teaching assistants review homework problems
and answer questions). The text for the course is Halliday and Resnick [11]. The
assessments in bold included questions described in this dissertation.
(CONTINUED)
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Table 1.1 (continued)

Week 5 Laboratory: No lab this week
Homework: Chap 27: 8, 19, 21, 25, 31, 34

Oct 18 M L Capacitors 12) Chap 26: Sec 4-5
Oct19 T R Review for Midterm

Oct 20 W L Review for Midterm 13) (Review)

Oct 21 R R Midterm I (Chaps 22-26)

Oct 22 F L Electric Current 14) Chap 27: Sec 14

Week 6 Laboratory: Electric Circuits I
Homework: Chap 27: 47, 50, 52, Chap 28: 3, 10, 15, 23, 30, 37, 43

Oct 25 M L Ohm’s Law and Power  15) Chap 27: Sec 5-7
Oct26 T R Ohm’s Law

Oct 27 W L Electric Circuits 16) Chap 28: Sec 14
Oct 28 R R Calculating with circuits

Oct29 F L Multiloop Circuits 17) Chap 28: Sec 5-6

Week 7 Laboratory: Magnetic Fields and Force
Homework: Chap 28: 47, 60, Chap 29: 2, 12, 24, 27, 47, 49

Novl M L Volt/Am meters, RC Circuits 18) Chap 28: Sec 7-8
Nov2 T R Current, Circuits & Quiz #3

Nov3 W L Magnetic Fields 19) Chap 29: Sec 1-3
Nov4 R R Magnetic Fields

Nov5 F L Particle in a Magnetic Field ~ 20) Chap 29: Sec 5-7

Week 8 Laboratory: No Lab (Veteran’s Day)
Homework: Chap 29: 55, 60, 65, 68, Chap 30: 6, 11, 16, 38, 42, 50

Nov8 M L Torque on Current Loop 21) Chap 29: Sec 8-9

Nov9 T R Magnetic Fields & Quiz #4

Nov 10 W L Mag. Field from a Current 22) Chap 30: Sec 1

Nov 11 R - No Class (Veteran’s Day)

Nov 12 F L Ampere’s Law 23) Chap 30: Sec 2-3
(CONTINUED)
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Table 1.1 (continued)

Week 9 Laboratory: Using Magnetic Fields to Induce emf
Homework: Chap 30: 54, 56, 64, 65, 70

Nov 15 M L Mag. Field from a Solenoid 24) Chap 30: Sec 4-5
Nov 16 T R Review for Midterm II

Nov 17 W L Review for Midterm II 25) (Review)

Nov 18 R R Midterm II (Chaps 27-30)

Nov19 F L Faraday’s Law 26) Chap 31: Sec 1-3

Week 10 Laboratory: No Lab (Thanksgiving)
Homework: Chap 31: 3, 14, 18, 21, 33, 35, 38, 41, 46

Nov 22 M L Lenz’s Law 27) Chap 31: Sec 4-5
Nov23 T R Faraday’s & Lenz’s Laws

Nov 24 W L Inductors 28) Chap 31: Sec 6-7
Nov 25 R - No Class (Thanksgiving)

Nov 26 F - No Class

Week 11 Laboratory: Magnetic Toy Car Induces emf
Homework: Chap 31: 54, 56, 62, 69, 75, 83, 89, 96, 98 (Not Collected)

Nov 29 M L Self-Inductance 29) Chap 31: Sec 8-10
Nov30 T R Inductance & Quiz #5

Decl W L Mutual Inductance 30) Chap 31: Sec 11-12
Dec2 R R Review for Final

Dec3 F L Review for Final 31) (Review)

Final Examination: 11:30 Section: Dec 9; 12:30 Section: Dec 6

The delayed post-instruction Diagnostic Test was given during the first week of
lab of the Winter 2000 quarter.
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education group at the University of Washington (c.f. [20]) and seen throughout this
dissertation, large differences can be seen between the number of students stating
the correct answer to a question and those also able to provide a reasonably correct
explanation. The careful design of free-response or multiple-choice questions can
minimize these false positives so that no two or more common ideas are likely to
lead to an identical response. However, without students’ explanations, one can
not identify students who arrive at a particular response via an uncommon (valid or
invalid) idea, by mistakenly circling an unintended answer or by simple guessing. The
questions used throughout this dissertation required students explanations whenever
possible. Occasionally, due to time constraints on exams, we could not require them
on every part of every question.

In practice, students are reluctant to provide much reasoning—whether because
they do not have well-formed ideas, or they are not confident in expressing their
ideas, or they do not want to expend the extra time or effort required. In order to
encourage students to provide more of their reasoning, we assigned some fraction of
the grade to the explanation itself. Still, we find that, in some cases, students’ written
explanations were simply descriptions of the situation. For example, immediately
prior to the second lab on magnetic induction, students are asked to predict the
graph of induced emf versus time as a magnet travels down an incline and through a
solenoid. The majority of students predicted a graph that had a single peak as the
magnet passed through the center of the solenoid. A number of students’ explanations
for their prediction stated something like ‘the graph will increase as the magnet enters
and then decrease as it leaves.” This does not convey why the student feels this will

happen. It is not clear whether students provide descriptions instead of explanations
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because they are less sure of any explicit explanation or because they are not aware
of the distinction between the two. Kuhn described the latter as the following:

When theory and evidence are compatible, there is a melding of the
two into a single representation of “the way things are.” The pieces of
evidence are regarded not as independent of the theory and bearing on it,
but more as instances of the theory that serve to illustrate it. ([23], p.
679.)

Correct reasoning necessary but not sufficient

Part of a students’ functional understanding is not just knowing the key elements
of a concept, but being able to interpret or apply them correctly in different situations.
(c.f. [8] and [24].) When analyzing students’ understanding, a natural question
to ask is how many students answered each assessment question correctly with an
adequate line of reasoning to support their answer, as discussed above. A second,
equally important, question is: how many students attempted to use the physically
appropriate line of reasoning but failed to interpret or apply it successfully? Analyzing
the ways in which these students went astray can provide a great deal of information
about how to help similar students be successful in the future. It may well be that
there are two steps in learning: understanding what key elements are involved in
a concept and then understanding how to combine or manipulate these elements
to arrive at a correct result. In the case of magnetic induction, these two steps
are to understand that induced emf is proportional to a change in magnetic flux
(rather than proportional to motion or magnetic flux itself, for example) and then
to understand how to determine when and how much magnetic flux is changing for
different situations. On induction-related questions on the final exam in Autumn

1999, students used the correct reasoning on average about 65 % of the time, while
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they were only able to use this reasoning to arrive at correct responses 35 % of the

time. This will be discussed in more detail in Section 4.4.

1.3.2 Research Tools

There are a variety of research tools that can be used to probe different aspects
of students’ functional understanding. Each has its advantages and disadvantages. A
combination of techniques can maximize the information learned. Those used in this

work will be described briefly.

A Combination of Complementary Techniques

The general approach used in this work, as in typical physics education research,
is to combine a number of the techniques described above, cycling between interview-
ing students and administering written questions. Research begins with exploratory
individual student interviews (of any or all of the types described above). This allows
the researcher to investigate students’ reasoning in great detail, to uncover fruitful
avenues of further study, and to refine written assessment questions that will elicit the
desired information when administered to the larger class. While interviews clearly
give the most complete and flexible look at students’ understanding, they have a few
serious disadvantages. First, they are very time-consuming for both the students and
the interviewer. Second, in practice, the student volunteers may not be representa-
tive of the entire class population. Often above-average students volunteer. This is
helpful since they often better able to articulate their thinking, however, it does not
provide information on the prevalence of the ideas in the class as a whole. Third, one
tailors each interview to the individual student—asking different questions depending

on the student’s response at each step. This makes comparing students difficult if
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every student is not asked the same questions. Finally, it is not clear to what extent
the students’ thinking is being altered by the presence of the interviewer (often with
audio- or video-recorder).

Because of these limitations, research continues with the administration of the
refined written questions to the entire population of interest. Analysis of the results
allows one to determine the prevalence of any previously-identified ideas or difficulties.
Finally, in order to verify tentative conclusions as to students’ difficulties or patterns of
understanding, it is common to interview students again to confirm that the researcher
is interpreting students’ written responses accurately. The research process is often
done iteratively—continually identifying and refining written and interview questions,
and repeatedly interacting with students—in an effort to construct an accurate and

complete picture of students’ functional understanding.

Interviews

The best method for eliciting detailed information about students’ understanding
is to interview individual students. The interviewer can tailor questions to clarify or
pursue unexpected answers until he is satisfied that he understands what the stu-
dents are thinking. There are several different styles of interviews that serve slightly
different purposes. Those used in this study were mainly demonstration interviews,
think-aloud interviews, and informal interviews during laboratory instruction, or some
combination of these. These are described below. Students involved in the demon-
stration and think-aloud interviews were all volunteers.

Demonstration Interviews. The focus of demonstration interviews is to ask stu-
dents to predict and explain the process or outcome of a physical experiment. This
works very well in a predict-observe-explain cycle (POE, c.f. [25]) as used frequently
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by the research group at the University of Washington [5]. This technique was used
multiple times in this study to probe students’ understanding of magnetic induction.
For example, students were asked whether a bar magnet could be used to light LEDs
connected to a spool of thin wire (with many turns). After their initial prediction,
students were asked to manipulate the objects themselves to test their predictions.
Once they saw that it was possible, they were asked to explain how this was consis-
tent with their prediction, including any necessary modifications or additions, or to
discuss how they could reconcile this phenomenon with their previous understanding
if it was contrary to their prediction. Further questions were asked (in the POE style)
to investigate whether students felt other motions could produce the light, or to pre-
dict and explain related phenomenon. In addition, several students were interviewed
using this method, after they had completed their instruction on induction, to de-
velop the pilot version of the second lab on induction involving a toy car and magnet
going through a solenoid (described in Section 3.3). Students were asked, among
other things, to predict what a graph of induced emf versus time would look like as
the magnet and car went through the solenoid. Students were also interviewed, after
instruction, using several simulations and Java Applets related to induction. Students
were asked to predict the behavior of the simulations and the effect of altering the
value of several parameters. They were also asked to discuss the ways in which the
representations helped or hindered their understanding of the phenomenon.
Think-Aloud interviews. As described in detail in Ericsson and Simon’s book,

Protocol Analysis [26], one ought to distinguish between talk-aloud and think-aloud

interviews. In the former, students are asked to describe or explain what they are

thinking as they solve a problem or answer a question. The focus is on the thought
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process as well as the problem at hand. This provides more coherent and complete
detail with which to understand what a student believes he or she is thinking. The
drawback is that the explicit process of thinking about one’s thinking (known as
metacognition) might alter the natural thinking that the researcher is trying to ob-
serve. For example, a student might be more likely to realize a mistake if he or she
spends the time to thoroughly state their thought process, where they might have
overlooked it otherwise. Ericsson and Simon’s review of the literature found that this
type of verbalization “changed the accuracy of performance.” [p.xviii] In many cases,
the literature showed that requesting such metacognition from students improved
their performance on subsequent tasks or recall of text. While this might indicate a
positive use of metacognition as a teaching tool, it is not as desirable for an interview
technique if one wants to assess students’ current understanding without influencing
it.

Think-aloud interviews are more restricted, in an attempt to minimize the amount
that the measurement affects the data. For these, students are asked to say out loud
only what goes through their minds as they work—mnot to describe or explain their
thinking. Students are told not to try to use complete sentences and not to worry
if what they say sounds disjointed. During the interview, the interviewer’s main job
is to remind the student to “keep talking” (not “tell me what you are thinking”)
and to clarify any confusion about the problem statements. It is then the job of
the researcher, rather than the student, to interpret the students’ thinking. This
leaves the data less influenced—a sort of brain spectroscopy, as described by Alan
Van Heuvelen. Ericsson and Simon report on a number of studies, in many different

contexts, which show that think-aloud interviews are very good at preserving students’
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natural thought processes. It only affects things like solution time since it takes longer
for students to verbalize as they work. [c.f. p. xx and pp. 84-86] The main drawback
of the think-aloud method is that it relies more heavily on the researcher to interpret
student’s reasoning from the data. However, provided that the student does talk
through the entire problem, the sequence of steps is usually sufficient to reconstruct
the main reasoning processes.

A third technique—a retrospective interview—can also aid in constructing an
understanding of the students’ thought processes. After the student has finished
answering an entire problem or set of problems, the interviewer and student retrace
the problem(s), including any of the student’s written work, and the student is asked
specific questions regarding what they recall thinking while working on specific parts.
This allows the researcher to first record the student’s thinking with minimal influence
and then fill in or clarify some reasoning with the student afterward. The disadvantage
is that the students may not remember exactly what they actually had been thinking
at previous times and their memories may be consciously or subconsciously affected
by the problems or questions they have answered subsequently. Ericsson and Simon
found that retrospective interviews are more accurate for short duration tasks (less
than 7-10 minutes) where students are asked to specifically recall their sequence of
thoughts as soon after the task as possible. [p. xxi.]

Overall, these interview techniques are reasonably effective at providing a great
deal of detailed information about students’ thinking about specific concepts. All
of these techniques were used, alone or in combination, at different times in this
study. In fact, they are easily combined with the demonstration interview techniques

described above.
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Informal interviews during lab activities. In addition to the formal individual
student interviews using the techniques described above, a great deal of student rea-
soning was elicited during informal discussions with students or groups of students
during their laboratory activities involving electric fields, the field line representa-
tion, electric flux, magnetic fields, and magnetic induction. This was done both as
an instructor in some laboratory sections and as an observer in others. This allowed
interaction with many more students than is practical to arrange as individual inter-
views and with students who may not have volunteered otherwise. Notes were taken
during these interactions, and some were audio-taped for later review. The value of
the learning experience for the students during the laboratory always took priority
over the research goals of these interviews.

Follow-up interviews. After analyzing a larger set of students’ responses to one or
more written measures, such as open-ended questions or multiple-choice questions as
will be described below, individual follow-up interviews can verify that the researcher’s
interpretations of students’ written responses did correspond to students’ reasoning.
This type of interview also allows the researcher to clarify and investigate unexpected

reasoning patterns in the written data.

Written Questions

Conducting and analyzing interviews with every student at a number of times
during the course of their learning is not often feasible. In order to provide more
information on the prevalence of difficulties in a larger class, one can administer
written questions or problems in addition to student interviews. Written questions
also have the advantage that all students will be presented with an identical set of

questions and will not be influenced by any interaction with an interviewer. It is still
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possible for students to learn from the questions during the course of the survey or
exam, but they do not receive any direct personal feedback. There is a variety of types
of written questions available to assess students’ functional understanding. Among
those used in this dissertation are ranking tasks, translations among or interpretations
of representations, and simpler single issue questions. In general, asking students to
compare two or more situations seems be a very effective tool for investigating the
scope and coherence of students’ ideas. Written questions can, in general be written
either in multiple-choice or free-response formats. The advantages and disadvantages
of these complementary techniques will be contrasted briefly below.

Free-response versus multiple-choice questions. Free-response (or open-ended)
questions can provide a large amount of information about what students’ natu-
rally think about the concepts involved. In contrast, multiple choice questions limit
students to a small set of answers—even if students are required to explain their
choice. For this study, open-ended questions were used as extensively as possible.
When “choices” were listed, every logical possibility was included as long as there
were not so many that it became confusing, and students were required to explain
the reasoning behind their choices. The fact that this type of question takes longer
to analyze, or ‘grade,’ is not a drawback for these questions if used as a research tool
as opposed to their use as an instructional tool-—the larger amount of data acquired
is a goal of the assessment question. However, because they take longer for students
to answer and for instructors to grade, they were limited in number, for example on
the recitation quizzes and final exam.

In some situations, it is useful to use multiple-choice questions to assess students’

understanding of concepts of interest. Reasonably good multiple-choice questions
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can be developed using the responses to related open-response questions adminis-
tered previously to determine the best content and language for the distracters. By
providing four or five fixed choices, one can find out how often each of these choices
most closely corresponds to students’ current ideas. For example, if there seem to be
two or three ideas that compete with the correct one, each of these can be represented
by one of the choices and then analysis of students’ responses can determine which
idea, of all those proposed, was the strongest for each student. (Detailed analysis can
be done easily using classical educational tools such as item analysis (c.f. [27] ) or
new methods such as Model Analysis, as discussed below.)

While multiple-choice questions are useful for situations in which well-researched
questions are available and testing resources such as time and money are limited, it
is not recommended to rely on multiple-choice questions alone as the only measure
of students’ understanding. Even if explanations are required in addition to answers,
the structure of the question limits students’ thinking to the choices given while
simultaneously suggesting ideas they may not have generated spontaneously. As
one study shows, students’ responses to multiple-choice questions are not always
similar to corresponding open-response versions. [28] A study by Redish et al using
both multiple-choice and free-response formats, in the context of velocity-versus-time
graphs, showed that analysis of multiple-choice responses may overestimate students’

functional understanding. [29]

Model Analysis

Model Analysis is a tool, developed by Bao [30], for analyzing students’ responses
to a set of questions on one specific topic in physics. Unlike other methods such

as Factor Analysis, it retains and uses information about all of students’ incorrect
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answers, rather than only focusing on whether students’ answers were correct. It
essentially applies some of the formalism of quantum mechanics to educational data
in the field of physics (although it could be used in other fields as well). Since systems
of large numbers of students are not well described by a single well-defined state, the
Model Analysis method mimics the formalism of statistical quantum mechanics, using
density matrices to characterize the mixed states of these systems in terms of the

4" previously identified for each given physics

prevalence of common student “models
topic or concept. The results of this method as applied in the context of magnetic

induction will be described in Section 4.2.3.

Comments on Error and Uncertainty

One of the primary goals of this research is to measure students’ learning of
concepts related to magnetic induction. Since students’ understanding is not directly
observable, we must rely on their responses to oral and written questions. Figure
1.4 represents the measurement process. There are several times during the process
where uncertainty can be introduced. These are discussed below, along with ways to
minimize them, in general, and estimates of them in this work.

The first opportunity for uncertainty encountered is during students’ interaction
with the questions. For example, students might misinterpret the intention or rep-
resentation of the question. Their answers, then, may not reflect their actual un-
derstanding. This is usually recognizable in the student’s explanation and can be

“Here the term “model” is not meant to imply a comprehensive nor robust set of ideas students
apply consistently in different contexts. It refers to a distinguishable idea that has been identified
as common to a number of students in contexts related to a given physics concept. In this paper,
we use the term “idea” rather than model as a reminder that it is not intended to imply robustness
on the part of the individual student.
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Figure 1.4: Schematic view of sources of uncertainty in measurements of students’
understanding.

classified accordingly. The time, place, and manner in which the assessment instru-
ments are administered may have some affect on the data as well. For example, the
lab pre- and post-tests were administered by the teaching assistants as the student
groups finished the lab each week. Students were told to work individually, but since
the teaching assistant had to continue to interact with students who were still work-
ing on the lab activities, they could not monitor students as carefully as is done for
a recitation quiz or exam. On the other hand, students received very little credit
towards their overall grade from the lab quizzes so there was not much incentive to
cheat and analysis of students’ reasoning showed no evidence of collaboration.
Another factor is that the laboratory teaching assistants had knowledge of the
quizzes while they were teaching. Since they were not often observed while they were
teaching, we can not be sure to what extent they emphasized the issues on the post-
tests, either subconsciously or in an honest effort to help their students understand
the issues on the test. However, with some exceptions, each of the many (often
between twelve and sixteen) lab sections with up to five or six different teaching
assistants seems to have performed roughly the same on the tests. One exception was
that one teaching assistant’s two lab sections performed noticeably worse than the

rest on the pre- and post-tests regarding the first lab on magnetic induction. Their
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inclusion reduced the fraction of time students initially used the correct change idea
from 53 % to 49 % on the post-test. It changed the fraction of time students used
the other ideas by 1 or 2 % each. It also affected the Model Analysis eigenvalues
and components of the eigenvectors in the second or third decimal places. A second
exception was a slight “learning effect” in which students in lab sections later in the
week had experienced slightly more lecture and/or recitation instruction on a topic.
This was observed on the second induction lab’s post-test, but was not the case for
the initial induction lab described in Sections 2.2.2 and 4.2.

In some cases, when the data was critical, the researcher either supervised the lab
instruction, or volunteered to teach all of the relevant sections of the lab. (The latter
introduces its own disadvantage since the results cannot show what effect there might
be if someone other than those who developed the materials and is experienced with
the active-learning techniques used the instructional materials. But if no significant
learning is seen in this case, then perhaps one would not expect to see an effect with
other instructors using the materials.)

The second opportunity for uncertainty to be introduced is in the students’ re-
sponses to the questions. Students do not necessarily have clear, coherent, and robust
ideas about each individual physics concepts. That is why it is useful to use multiple
questions in a number of contexts to elicit a more complete picture of students’ think-
ing and to use methods such as Model Analysis to study the structure of students’
thinking. Still, there is some uncertainty in students’ responses to any individual
questions. If asked the same question again, their response might vary. In addition

to being influenced by multiple ideas, students’ responses may also be influenced by
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superficial issues such as being distracted by recent or imminent exams or weekend
plans.

The use of multiple-choice questions brings additional uncertainties. For example,
if a student has no clear model in a given situation, he or she will likely still choose one
of the possible responses. These responses are indistinguishable from students who
chose the responses for real reasons. To minimize this, one can require and analyze
explanations in addition to the circled response. This technique was largely used in
this dissertation work. Next, if a student has a model or idea that does not fit easily
into one of the available responses, he or she may choose a secondary idea to apply to
the question. Well-designed questions whose possible responses are based on research
of common student ideas can minimize, but not eliminate, this uncertainty. Finally,
students might mistakenly choose answers that are inconsistent with the idea they are
using. Again, analysis of students’ explanations along with their circled responses can
minimize this uncertainty. In this research, we classified students’ reasoning based
on their written explanations, even if it contradicted their circled response. For the
data from the laboratory pre- and post-tests, this occurred twenty-one times out of
2035 responses.

Perhaps the largest source of uncertainty is associated with the third opportunity —
the researcher’s classification of students’ responses according to the idea applied to
the question. In our case, for example, there were a number of students who stated
the equation for Faraday’s Law, but then continued with other ideas, to varying
degrees, in their explanation. It is not always clear to what degree Faraday’s Law
actually played a role in their responses. However, in most cases, students’ final an-

swers, in conjunction with their explanations, helped clarify the idea that dominated
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their response since most of the questions were designed so that students applying
different ideas would largely arrive at different answers. In most cases while analyzing
the data, one can judge whether each response classification was clear. For exam-
ple, for the pre- and post-tests given about the first induction lab, we conservatively
estimate that about 10 % of the response classifications overall were uncertain. For
each of the final exam questions, the uncertainty in classifying students’ reasoning is
approximately 5 % overall. In all of these cases, the uncertainty in each classifica-
tion category is approximately the same size. In general in this dissertation research,
students were given the benefit of the doubt as to whether they were classified as
applying a ‘correct’ idea. In this way, the results only tend to overestimate students’
understanding.

Student interviews have less inherent uncertainty since the researcher can continue
to ask probing questions until he or she is confident the student’s understanding is
clear. However, if a student is self-conscious of thinking aloud or is unable to verbalize
aspects of his or her thinking, there can still be uncertainty in the measurement. Even
the phrasing and sequence of the questions can influence the students’ thinking and
responses. In general, one tries to ask more general questions first and then specific
ones following—using terminology only after a student has introduced it himself.
Also, since interview data usually require extensive interpretation by the researcher,
the analysis can introduce uncertainty into the research results. In many ways, the
interview data can complement the quantitative written data to more fully assess

students’ understanding.
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CHAPTER 2

STUDENTS’ INITIAL STATES

In the context of this dissertation, students’ initial states (|Winitia >) are com-
prised of both their understanding of the underlying concepts involved in magnetic
induction and the ideas that they apply to questions about induction just prior to
any instruction on the topic. The concept of magnetic induction is a complex one,
involving the interaction of many other concepts that students have encountered pre-
viously in their physics course, as represented in Figure 2.1. Most of these quantities
are abstract, invisible entities with which students usually have little prior experience.
If students have difficulty with some of the underlying concepts, it can affect their
learning of induction. Observed student difficulties with underlying concepts will be
described in Section 2.1. Section 2.2 will describe the students’ thinking about in-
duction prior to their instruction on this topic in this course. Are they aware of the
phenomenon at the beginning of the course? What ideas do they apply immediately

prior to their instruction?

2.1 Students’ Understanding of Underlying Concepts

This section will describe research that identifies students’ struggles with spe-

cific physics concepts that are necessary to understand magnetic induction, such as
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Figure 2.1: Underlying concepts that comprise emf.

magnetic field, its representation, magnetic flux, its relevant area, and the direction
associated with this area. In addition, it will describe difficulties students have with
several mathematical concepts, such as the interpretation of derivatives, dot products,

and integrals, that play a role in the context of magnetic induction.

2.1.1 Field

The concept of magnetic field is one of the most fundamental for magnetic induc-

tion. Basic aspects of the concept of magnetic field include:
e the field has a magnitude and direction at every point in space;
e the magnitude decreases as one goes further from a finite source;

e the direction points from N to S poles (except within the magnet) or is given

by a right-hand rule (RHR); and,
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e the net field is given by the superposition of the values of field at a point due

to all sources in the universe.

This section will describe the research that has been done in this work and others’ on
students’ understanding of the concept of field. It will include the concept of electric
field since more work has been done on that, and it has many aspects in common
with magnetic fields. In fact, students sometimes do not sufficiently distinguish the

two. The field line representation will be discussed separately in Section 2.1.2.

Previous research on students’ understanding of field

Several previous studies have included students’ understanding of the superposi-
tion of fields. Viennot et al [31] found that students had some difficulty with the
superposition concept as related to Gauss’ Law. 49 % (53 of 108) and 72 % (21 of
29) of French students in two university classes felt that only the charges inside the
gaussian surface were contributing to the field at that surface. Viennot et al feel that
the formula that relates total flux to the charge enclosed (or similarly Gauss’ law
itself) may create or support students’ belief that it is only this enclosed charge that
contributes to the field on the surface. Other students felt that fields do not penetrate
an insulator— “particularly because ‘charges cannot move [there].” [p. 475.]” They
suggest that this difficulty might be similar to the overly-strong link students often
have between force and motion or that students might need to visualize an imagined
effect in order to recognize a related cause. Several students seemed to confuse the
ideas of ‘insulating’ and ‘isolated.” One student explained that “as the sphere is an
insulator, the internal charges are isolated from the external ones, which therefore

have no effect on the field at a point inside the sphere.” [p. 479] 15 % (16 of 108)
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and 10 % (3 of 29) of the students had one of these incorrect ideas related to the fact
that the sphere in question was an insulator.

In a later study [32], Rainson et ol further investigate these issues that “students
interpret formulas as if the quantities mentioned to the right of [the] equal sign were
the cause of those mentioned to the left” and “field only if mobility” with 1145
students at four different levels of study in Sweden and France. [p. 1027] Their
results support those mentioned in the previous study. For example, on a multiple-
choice question, where students were also asked to justify their choice, they found
that many students (44 % of 194 students and 60 % of 58 students) felt that the field
at a point very near a conductor was due to “all of the charges on the conductor”
alone rather than “all of the charges in the universe.” (30% of 194 and 9 % of 58
chose the correct answer.) They quote one students’ explanation as representative of
misinterpreting an equation to reflect a misunderstood causality: “All charges on the
conductor will contribute. All charges of the universe do not enter into the formula
% n” and “...since the charge density o appears in the formula % n, the origin of the
field is the conductor.” [p. 1030]

In his dissertation [33], Harrington analyzed a final exam question on Gauss’ Law
that showed that some students believe that the electric field outside of a conductor
is due only to the charges on the outside of the shell” and not on any charges inside
the shell. Harrington notes that students who believe that the field itself is composed
of moving charges seem to extend the belief that material objects cannot occupy the
same position at the same time to the idea of superposition of electric fields. He also
found that students who seemed to have the idea that “electric field is flow (e.g. of

charges)” had difficulty with the idea of superposition in the context of a Gauss’ Law
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question involving a spherical conducting shell with a point charge inside. Students
with this idea explained that since the field inside the conductor is zero, the charge
on the inside must not be getting through to the outside and therefore has no effect
at a point outside. [p.100]

In his dissertation [34], Adrian studied students’ understanding of the concept of
electric field, its representation, superposition of fields, and the relationship among
electric, magnetic, and gravitational fields. He probed students’ thinking both prior
to any instruction on electricity and magnetism and again after they had completed
the introductory course. He found that prior to instruction, over half of the students
(91 of 177) responded to the question “What does the term ‘electric field’ mean to
you?” by saying something to do with an area or location, for example “the area
where the electricity has an effect.” [p.59] 15 % felt it was a collection of charges.
He classified 7 % of the students as having a definition with features more like a
physicist, for example that it “can create a force without physical contact.”[p. 59|
After instruction, he classified 71 % of the students as having correct ideas about
field, for example that it is a force per unit charge. Only 7 % now described it as
an area or volume, and 4 % felt it was a flow of charge [p. 102]. In the end, he
says students had the idea that field or force decreases with distance, but some felt it
would go to zero in a few feet while others felt it would be zero at an infinite distance
[p. 127]. The implications of these ideas in the context of induction are that failing to
distinguish magnetic field from the area in which it exists could make it more difficult
to distinguish the idea of field from flux and flux from change in flux, especially when
the direction of the field with respect to the area is what is changing. Also, the belief

that magnetic field decreases to zero too rapidly near a loop or solenoid can hinder
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a student’s understanding of when induction exists. The idea that flux is a flow of
something can lead to difficulties in induction, as will be discussed in Section 6.1.1,
but if it is done in a sophisticated way, it can be interpreted correctly.

On the final exam, students were asked what they felt the fundamental sources of
electric and magnetic fields are. For electric fields, 65 % said charges and 14 % said
potential difference. For magnetic fields, 76 % said moving charges or currents and
12 % only gave examples such as magnets or the earth [p. 109]. In the context of
induction, the awareness that currents create magnetic fields becomes important in
understanding Lenz’s law and correctly constructing the causal sequence of induction
that a changing magnetic flux induces an emf that in turn creates an induced current.’
This current then creates an induced magnetic field in a direction to oppose the
original change in flux. Missing the link between current and magnetic field can
make this intricate chain of events more confusing.

Adprian found that in general, prior to instruction, it was very common for students
to confuse electric and magnetic effects [p. 60]. When 255 students were asked
(on a pre-test) explicitly to describe similarities and differences between electric and
magnetic fields, almost half of them did not answer or only stated they didn’t know.
The rest apparently did not distinguish them very well —with some students saying
only that they were the same and others identifying features that are the same such
as ‘likes repel.’” [p. 75] On the final exam, students were asked a true or false question
stating “positive electric charges are repelled by North magnetic poles.” 62 % of the
students (58 of 93) correctly said this was false. However, he does not say how many

5This can equivalently be thought of as a changing magnetic field inducing an electric field that
creates an induced current. However, as mentioned previously, the flux/emf approach is the more
common one for introductory instruction.
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chose this for correct reasons (rather than guessing or thinking that they would be
attracted instead), nor does he discuss the reasoning of the 38 % who presumably did
agree with the statement, perhaps thinking that electric charges and magnetic poles
do interact.

Others have also found that students misunderstand the interactions between
electric charges and magnetic fields. For example, Maloney [35] conducted a study
to determine whether students felt magnetic poles exert forces directly on electric
charges, and if so how they characterize these forces. He found that for two classes
on one set of questions and four classes on another set of questions (two of which
had had instruction on electricity and magnetism and two that had not) about 28 %
and 51 % of the students, respectively, felt that negative charges would be attracted
to North poles and positive charges to South poles. In addition, 11 % and 19 % of
students, respectively, felt that positive charges would be attracted to North poles
and negative charges to South poles. About 20 % of the two classes of students on the
first question felt that either type of electric charge would be attracted to whichever
magnetic pole was stronger. Maloney notes that two of the four classes that were
answering the questions prior to instruction had similar responses to those following
instruction. However, the number of students who explicitly spoke of the poles as
being charged, rather than just causing an attraction, seemed to be less for the post-
instruction group—about 43 % instead of 75 % or 90 %. He states that only about
11 % of the students who had had instruction gave correct answers to these questions
and only about half of these gave correct explanations. In the context of induction,
believing that a magnetic field exerts a force on a static electric charge might that a

static magnetic field, rather than a changing flux, is sufficient to generate a current.
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It seems that the idea that poles are charged or act as if they were charged is a
common idea for students beginning instruction and seems resistant to change. In
fact, there are many similarities between electric and magnetic fields and electric
charges and magnetic poles. Instructors often use these similarities when introducing
the topic of magnetism—drawing many analogies between electricity and magnetism.
These analogies probably do help students understand some aspects of magnetism.
But the studies seem to show that students do not interpret the limits of the analogies

sufficiently.

New research on students’ understanding of field

As part of this dissertation, we also conducted some research on students’ under-
standing of the underlying concepts on which induction depends. Since several of the
induction activities involve the magnetic field in and around a solenoid, we wanted to
determine how well students understood this field. As part of a laboratory pre-test
students were asked to sketch the magnetic field in and around a long coil of wire
through which a current is running in an indicated direction. Since this came after
instruction on magnetic fields due to currents, most of the students did sketch field
lines inside the coil that were roughly uniform, although sometimes in the opposite
direction—as if using a left-hand rule or simply guessing incorrectly. This result indi-
cates that at least most of the students had the idea that the field inside the solenoid
is fairly uniform and points parallel to the axis of the solenoid. It was less clear how
strongly or if students felt this field decreases outside, in front of and behind the coil.
Many students simply had the lines ending at the end of the coil. Several had parallel

lines continue outside the coil. As previously mentioned, a lack of understanding that
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the field exists but decreases near the ends of the solenoid could cause confusion as
to when magnetic induction exists in a system with a solenoid.

Some students also drew reasonable field line representations for the field outside
(above and below) the coil. Many did not sketch anything outside the coil. Some
students stated the field above and below the coil would be zero. A few of them
clearly described that the net field outside was zero since the contribution from the
wire segments on the bottom of the coil cancelled that from the wire segments on the
top. These students often drew a diagram like the one shown in Figure 2.2(a). This is
a fairly reasonable explanation of how the superposition of fields greatly reduces the
net field outside of the finite solenoid. However the field is only strictly zero outside
of an infinite coil. Other students concluded that the field outside was zero, but drew
a diagram like the one shown in Figure 2.2(b). Here the students are missing a clear
concept of the superposition of fields. Their representation implies the combination
of fields at largely separated locations in space.

A final result was more surprising. Approximately 10 out of the 248 students who
answered this question drew a field that had components radial to the axis of the coil.
Some representative sketches are shown in Figure 2.3. Figure 2.3(a) indicates that the
magnetic field is believed to be radial both inside and outside the solenoid. Figures
2.3(b)-(d) indicate students’ ideas that only the field inside or outside is radial, while
the other is either non-existent or uniform as shown. It is possible that some of these
students are confusing the magnetic field here with features of an electric field due to a
line of charge, or a cylinder of charge. Some of the diagrams, like that shown in Figure
2.3 (e) suggest a literal interpretation of the idea that a solenoid acts as a ‘source’ of

magnetic field, showing field lines radiating outward as if it were a point charge. It
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Figure 2.2: Reproduction of student-drawn diagrams describing why there is little
or no magnetic field outside (above or below) the given current-carrying solenoid (a)
using a reasonable superposition idea, and (b) using an incomplete superposition idea.

is possible that students are attempting to represent the idea that the field strength
decreases as the distance from the source increases and can only visualize that as
radial lines. Some students might simply be unduly influenced by the cylindrical or
azimuthal symmetry of this situation. Perhaps they have just not had enough time,
or practice, to clearly distinguish the features of electric and magnetic fields yet.
Regardless of the internal mechanisms at work in students’ thinking, the fact
remains that this pre-test was administered immediately prior to students’ initial
instruction on magnetic induction. Therefore, for these students especially, the ac-
tivities on induction that involve solenoids may be more confusing than informative.
Whenever an instructor is describing the changing flux from a solenoid through a
nearby loop, these students will be visualizing radial fields instead of ones parallel to
the axis of the solenoid. It is possible that they will also interpret “area” to mean

the surface area of the solenoid through which the ‘radial’ field goes in order make
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sense of what the instructor is saying. But these compensating errors will not result

in good, robust understanding of induction.
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Figure 2.3: Reproduction of representative student-drawn diagrams showing radial
components for the magnetic field due to a given current-carrying solenoid.

At the beginning of the course and as a delayed post-test (at the beginning of
the following quarter), students were given a multiple-choice test about concepts in
electricity and magnetism. Most quarters, students are given the 32-question Con-
ceptual Survey of Electricity and Magnetism (CSEM), developed by Maloney, et al
[36]. In the Autumn 1999 quarter, students were given a shortened 23-question ver-
sion to accommodate additional free-response pre-test questions related to magnetic
induction. Two of the questions regard the direction of a magnetic field due to a

current-carrying wire. Both questions had options for radial magnetic fields. One
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question asked students which direction the magnetic field would be at a point be-
tween two wires carrying current in opposite directions (into the page and out of
the page). The point of interest was closer to the wire carrying current out of the
page—along an imaginary line connecting the two wires. The results for 175 students
from the Autumn 1999 Quarter (whose pre- and post-test results could be matched)
show that at the very beginning of the course, 59 % of the students chose one of the
two radial-field options. About half chose the direction as radially towards the closer
wire and about half chose radially away from this wire. In analogy with electric fields,
this is not an outrageous guess prior to instruction. After instruction, only 16 % of
the students chose the radial-field options (again split about equally between the two
directions). The second question concerning the direction of the magnetic field of a
current-carrying wire asks students to choose the vectors that describe the current at
two points near a single wire carrying current out of the page. Again over half of the
students on the pre-test (67 %) chose one of the two radial field options—split fairly
equally between radially inward and radially outward. This number dropped to 23 %
on the post-test. Although the post-test results for both of these questions are much
improved, the number of students choosing radial field directions is certainly higher
than one would expect after a full quarter of instruction on electricity and magnetism
and would seem to pose a non-negligible obstacle for these students’ understanding
of magnetic induction.

A third question on the CSEM tests whether students believe magnetic fields exert
forces on static charges. It shows a positive charge between two bar magnets, but
above the axis running through both magnets. The magnets are placed with opposite

poles toward each other. Students are asked to choose which direction “the resultant
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MAGNETIC force exerted by the magnets on the charge” would be [emphasis theirs].
On the pre-test, 45 % of the 175 students chose responses that the positive charge
essentially would be attracted to the South pole of the magnet (and repelled by the
North pole). 22 % of the students chose responses that the positive charge would be
attracted to the North pole (and repelled from the South pole). All of these students
feel that magnetic fields would affect electrical charges at rest. The first group seems
to be applying the idea that the North Pole is similar to a positive charge and the
South pole is similar to a negative charge. This analogy is often made, for example,
when describing how field lines point from the North pole to the South pole. On many
field line diagrams (drawn quickly where one is only interested in the magnetic field
outside of a bar magnet) it even looks as if the field lines “begin” on the North pole
and “end” on the South. Students may extend this analogy to far. Only 32 % of the
students said that the force would be zero. (Note that when this question was given
in a free-response format during a revision cycle by the developers of the test, several
students’ explanations revealed that they chose “zero” because the charge was equally
distant from both magnets so the forces from the two magnets cancelled in some way.
It is possible that the use of the word “resultant” encouraged some students to think
that two forces might be at work—one from each magnet.)

On a pre-test, perhaps it is very reasonable for students who have not had much
or any instruction on magnetism to extend an analogy between electric and magnetic
fields. However, results on the post-test show that 55 % of the students chose one
of the responses that the North pole would repel the positive charge. 17 % of the
students chose one of the responses that the North would attract the positive charge.

And only 26 % of the students correctly chose that the net magnetic force would
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be zero. It seems that the confusion of electric and magnetic field properties was
still strong after completion of the course. These results are very similar to those of

Maloney, described previously.

2.1.2 Field Line Representation

The field line representation is often introduced along with the concept of electric
field (and then later also used with magnetic field, by analogy).® Fundamental aspects

of the field line representation include:
e the direction of the field at any point is tangent to the field line, and

e the magnitude of the field is represented by the density of the field lines in the

region.

Physicists find the field line representation useful to assist them in reasoning about an
electric or magnetic field. In fact, Faraday introduced lines of force around 1832 (c.f.
reproduction in Figure 2.3 in [37]) and ascribed some amount of reality to them, as
an attempt to explain some action-at-a-distance ideas.” The field line representation
is fairly easy to draw for simple cases, and can compliment other representations such
as a purely mathematical one. However, a number of studies show that the field line
representation is not trivial for many introductory physics students to construct and
interpret. The more students misinterpret the representation itself, the less effective

6As Harrington says, sometimes lines of force are defined first (as “the direction of the force
exerted by an electric field on a free positive charge.” p.77, [33]) for a single line, and then field lines
would refer to the set of lines representing field strength by their spacing.

"He was perhaps one of the first to develop something like a “field” concept (between 1821 —
1852), for example in considering that gravity exists even when an attracted object is not present.
Later, with input from Lord Kelvin, Maxwell developed the more mathematical form of an electro-
magnetic field theory. There are many references concerning Faraday, his work, and the development
of the electromagnetic field concept. c.f. [37], [38], and [39].
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it is as a representational tool. Since the field line representation is often used to
illustrate the concept of magnetic flux (for example, as the number of field lines pene-
trating an area), as well as changes in flux related to induced emf, this representation

is important in the context of induction as well.

Previous research on students’ understanding of the field line representa-
tion

Several studies on students’ understanding of fields include the issues of their
understanding of field lines. For example, T6rnkvist et al studied students’ ability
to interpret electric field line diagrams.[40] In the first diagram, students were shown
a somewhat complicated configuration of charged surfaces and field lines in which
three errors had been drawn in the field lines—a closed loop [they were told there
were no currents and that the system was stationary, so there would be no induced
electric fields], a kink, and two lines crossing. Students were asked to “find all the
errors in the figure and explain why the field lines cannot be drawn in this way.”
The researchers then analyzed not only how many students recognized each mistake,
but also how well their explanations were based on deep principles. Overall, 10 % of
the 545 responses did not catch the loop error, 40 % did not catch the kink error,
and 85 % did not catch the crossed lines error. They point out in their analysis
that the large number of students missing the crossing error and the small number
of students explaining the kink error in anything other than a superficial way, such
as the 46 % said something like “field lines don’t make sharp bends,” “indicates that
the students do not master the mathematical concepts of continuity of a function and
its derivatives well enough to apply them in a non math class context.” [p. 336] 29

% of the students’ explanations of the loop error were also of the type that might be
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memorized, such as “...loops of field lines don’t exist...” rather than showing a deeper
understanding. Although this may be an issue of students not understanding what
type of ‘explanation’ is sufficient, this study implies that while students may become
familiar with the general use of field lines, they do not necessarily understand the
deeper issues that these lines represent. It is interesting that the loop ‘mistake’ is the
one students were most successful at detecting. Yet, if this is only a memorized or
superficial idea, these students may find it difficult to develop the understanding that
loops of electric field lines can (and do) exist in the presence of regions of changing
magnetic fields, as in the context of magnetic induction.

Following this written question, the researchers conducted 87 interviews with sim-
ilar students two years later. These students were shown nine diagrams of various
distributions of electric field lines. They were then asked to draw a force vector for a
charge located at a point or at several points on a trajectory shown, to draw field lines
that would produce a force shown on a charge at a point, to draw the trajectories
of particles in given fields, or to show how the field lines would change if the source
charges were increased by a given factor. Overall, they found that many students
do not clearly distinguish between the representations for force and for field. Their
drawing of force vectors is inappropriately influenced by the visual appearance of field
lines and vice versa. Adding a third represented entity, such as a trajectory, only adds
to the confusion. As these researchers say, it is possible that “when [students are]
asked to draw force vectors at a given point on a picture of a trajectory for a bouncing
ball [they are simply] not aware that they were asked to add one type of represen-
tation on top of another.” [p. 338 For example, in the first three questions about

the net force, 21 % felt the force vector would be curved since the field lines were
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curved. When asked to sketch field lines that would produce a straight force vector
for a given charge, 79 % drew straight equidistant field lines as their first option. 12
% drew equidistant but curved field lines as their first option. When they were asked
if there were other ways it could look, “13 % drew an inhomogeneous field whereas 24
% maintained the straight equidistant field lines as the only feasible option...although
they had been given such fields in the previous questions.” [p. 337] When asked to
draw a trajectory for a particle with zero initial velocity at a point shown in a given
field, 76 % of the students felt the trajectory would follow the field line. When a
trajectory was given and students were asked to show the force vector at four differ-
ent points through a given (non-uniform) field, 33 % drew vectors with equal lengths
at all points (even though the field lines were getting more dense), while only 20 %
correctly indicated an increase in force. “31 % were governed by the available space
within the frame [of the diagram| rather then by the increasing field line density....”
[p. 337] These students drew the last arrow shorter than the first simply because
there was not much room left on the picture. This seems like a strong influence of a
very superficial feature of the representation in this case.

Other interesting results were that 11 % of the students consistently “extrapolated
the field lines to a supposed pole and drew the force vector straight toward that pole”
for the first three questions. [p. 337] It seems that students have learned that fields
are caused by charges and they are more comfortable thinking about some imagined
single causal charge that the point charge in question would be attracted to or repelled
from directly. It is surprising to note that 28 % of the students began to answer the
first three questions by applying a right-hand rule as for a magnetic force, even though

they worked only with electric field lines on this assessment. Over half of these soon
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realized their mistake. However, when asked to show the force on a charge at several
points on a trajectory, 16 % again tried to apply a right-hand rule. These students
seem to be cuing off the surface features of the representations involved; a line that
indicates the direction of velocity at each point and any field line prompts them to
combine these to get the force.

A study by Galili [41] supported several of the results seen by Térnkvist et al.
His study involved 116 high school students (from an “ordinary urban school” and
a “prestigious school”) and pre-service teachers. All of these had had the relevant
instruction, and all performed about the same on the questions, so they did not
distinguish the groups in their results. On a question using the field line representation
to depict a non-uniform electric field around a single point charge (presumably there
were other charges out of view), students were asked to sketch the trajectory of
another charge located at a point shown on one of the field lines. Again, a small
group of students, about 17 %, indicated that the second charge would move straight
toward the one shown regardless of the field lines drawn. The majority of the students,
about 65 %, indicated that the second charge would move along the field line on which
it began. As he (and others he references) points out, this corresponds to the intuitive
difficulty seen in mechanics that a particle will always move in the direction of the
force on it at an instant. However, it may also be sub-consciously difficult to visually
ignore the line(s) one sees already drawn on the page as one tries to imagine the
motion. The ‘straight to the charge’ answer may similarly be an overcompensation—

ignoring all of the visual clutter while attempting to answer the question.
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As mentioned above, Adrian’s dissertation [34] included a study of students’
knowledge of electric and magnetic fields and field lines. On the first midterm, stu-
dents were asked a True or False question stating “electric field lines represent the
flow of charge from an area of high charge density to an area of low charge density.
[p. 111]” At this point in the instruction just over half of the students (54 of 97) said
that this was false (presumably students were not required to explain their answers).
As mentioned above, only 4 % of the students described field as a flow of charge on
the final exam. He found that on the final exam, 89 % of students (85 of 95) were
able to draw reasonably correct field lines for a single negative charge. About 70 %
of the students drew correct lines for slightly more difficult questions (two opposite
charges and two oppositely-charged plates) on post-instruction quizzes earlier in the
course. On a quiz after instruction on magnetic fields, he found that 98 % of students
(172 of 176) could correctly sketch the magnetic field around a bar magnet and 90 %
(158 of 176) could sketch the field around a current-carrying (presumably straight)
wire. He did not describe students’ incorrect responses in detail.

In his dissertation [33], Harrington describes a study he conducted to determine
introductory physics students’ understanding of fields and field lines after these topics
had been covered in lecture. For example, he asked students (1) to determine the
direction of the electric field at a point and to compare the magnitude of the electric
field at two points, near two point charges, and (2) to do the same for the net electric
force at two equivalent points on a separate diagram where the field lines had been
drawn. He compared the responses from two sections of the course. In the one section
(N = 124), the instructor had discussed the field line representation in his lecture. In

the second (N = 107), a different instructor relied solely on a vector representation.
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The results showed that the class that had not been shown the field line representation
in lecture out-performed the class that had—on every question except the one where
the field lines were shown and students were asked to sketch the direction of the
field at a given point. This is the question for which the field line representation
is most easily interpreted. Even on this question, the classes’ performances were
not much different—there was 60 % success for the class that had been taught the
representation and 45 % success for the one that had not. For the direction of the
field at a point on the diagram where the field lines were not given, the success rates
for the two classes were 20 % and 55 %, respectively. Many of the students in the
class that had been taught the field line representation did attempt to draw field
lines first and then interpret them for their answer. However, they drew incorrect
field lines for the given situation. In the other class, more students drew vectors, and
then used vector addition to arrive at a correct response. The class that had been
shown the field line representation were more successful at answering the question on
comparing the field magnitudes at two points when they were given the field lines
than they were when they were not given the field lines (45 % success compared to
25 % success, respectively). This shows they do have some understanding of how
to interpret the line spacing in terms of field strength; however, 45 % success shows
there is room for improvement. The class that had not been shown the field line
representation did not seem to suffer for it, having 55 % and 60 % success on the
same two questions. Harrington suggests that the field line representation may still be
useful to teach, however, sufficient time needs to be spent to be sure students are able
to interpret it successfully. He feels the students may have been better able to use the

vector representation because they’d had more experience with it in mechanics. The
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explanations students gave with their answers also gave some indication of students’
ideas about electric fields and their representations. For example, some students
appeared to interpret field lines as representing the field of only the charge on which
they began or ended, rather than as the net field due to all charges present. [p.81]

Also, some students’ explanations implied that charge flows along field lines. [p.85]

New research on students’ understanding of the field line representation

To further investigate these issues, we modified Harrington’s questions for use on
a lab post-test given in Autumn 1999 immediately after a laboratory on electric field
line representations and electric flux (using mainly ActivPhysics 2 [42] simulations
on these concepts). The flux questions will be discussed in the next section. For
the questions on electric field, students were given the diagram from Harrington’s
thesis [33] shown in Figure 2.4. For the first lab section, students (N = 15) were
only asked to compare the strength of the electric field at A and B and at A and C.
However, since many of these students responded that the field would be the same
strength at points A and C because they were the same distance from the top charge,
it seemed that they were ignoring the bottom charge completely. This was consistent
with Harrington’s comment that it seemed some students felt that since no field lines
from the bottom charge went through or near points A and C that they were not
affected by that charge. In order to probe this issue more explicitly, a question [part
a) shown in Figure 2.4] was added for all the other lab sections’ quizzes.

Almost three-quarters of the students (203 of 278) who were asked whether the
field line running through A and B represented the field due to one or both of the
charges correctly answered that it was due to both. About ten percent of these (21

students overall) erased an original “top only” answer. Students were not asked to
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In the diagram, electric field lines are shown for some region of space in which there are
two point charges. Three locationsarelabeled A, B, & C. A & C are the same distance
from the top charge.

a) Thefield line that runs through locations A and B
represents the electric field due to (circle one of the
following):

i) the top charge only; ii) the bottom charge only;
iii) both charges

b)Compare the magnitude of the net electric field at the

following pairs of locations:
--at A & B. Explain your reasoning.

--at A & C. Explain your reasoning.

Figure 2.4: Lab post-test question requiring students to interpret the electric field
line representation, based on part of a question described in [33], p. 79. (N = 278.)

explain their reasoning to this question due to time constraints on the quiz. Just
over one quarter of the students answered that the line was due to the top charge
only. Ten of these students erased an answer of “both.” Almost all of the students
choosing “top only” also said that the field strength would be the same at points A
and C because they are equal distances from the top charge. This is consistent with
the idea that the bottom charge is not affecting the field at those points. (Only one
student chose “bottom charge only” and one student left this part blank.) Overall,
only 32 % of the students correctly stated that the field at point C would be greater
than that at point A. 29 % overall gave a reasonable explanation for this either in
terms of the density of the field lines near the points, or in terms of the fields from

the two charges partially cancelling at point A while adding at point C. Just over half
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of the students (54 %) said that the field strengths would be equal at the two points.
49 % overall explained this was because the two points were the same distance from
the [one] charge. Note that most of these explanations ignored the presence of the
bottom charge completely. Some included the equation for electric field, £ = ’:—3, but
only for a single point charge. They concluded that since ‘r’ was the same for both,
again presumably from the top charge, the fields would be equal. 6 % of the students
said that the field strength at point A would be greater since it was closer to more
charge. For example, “E4 > E¢ since C is farther from the second charge than A
is.” 8 % of the students’ responses were ambiguous.

Another source of information on students’ ideas about field comes the CSEM
given at the beginning of the first lab of the course. Several questions require students
to interpret the electric field line representation. Those involving uniform fields will
be discussed in Section 5.3. One question shows the field lines for a non-uniform
electric field in a region of space, without showing the charges present in the region.
It then asks students to determine what the direction of the electric force would be
on a negative charge at a point P, located between two of the field lines. On the
pre-test, 68 % of the students (119 of 175) were able to choose the correct answer
or one that neglected the fact that the charge in question was negative. 24 % of
the students (42 of 175) chose a response that essentially pointed directly towards
a region from which the lines emanated (i.e. the imagined ‘source.”). This result is
similar to those of Tornqvist et al and Galili, described previously. On the post-test,
these numbers changed to 72 % and 15 %, respectively. Nine students on the pre-test
chose the response that the force would be zero at that point. While this is not many

students, and it was a pre-test, it is interesting to note that six of these students
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scored in the top 40 % on the test overall. On the post-test, this number of students
choosing “zero” actually increased to eleven students. (In this case, three of these
students scored in the top 40 % overall, and five in the lowest 40 % overall.) Again,
this number is small. However, it is somewhat surprising that it is not zero after a
quarter’s instruction on electricity and magnetism where students were taught to use

the field line representation.

2.1.3 Flux

The concept of flux is closely related to but distinct from that of field. It is defined
as the total amount of field normal to a surface, or mathematically, &g = [ E-d4
for electric flux or & = [ B - dA for magnetic flux. Because emf is related to the
rate at which magnetic flux changes in time, it is critical that students have a clear
understanding of what flux is and how to determine how much is present in a given
situation. The following are studies that have been done on flux, mainly electric
flux. The difficulties seen with electric flux are relevant to the concept of magnetic
flux since they are very similar. The differences in the two concepts cause additional

difficulties.

Previous research on students’ understanding of flux

During the development and use of his EM Field computer simulations on electric
field and flux, Sherwood [43] found three common difficulties students have with the
concept of electric flux. First, students felt that if the area of a or Gaussian surface
increases, the net flux through the surface also increases. Second, students felt that

external charges would affect the net flux through the Gaussian surface. Third,
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students felt that the specific location of a point charge inside the Gaussian surface—
especially centered versus off-centered—would affect the net flux through the surface.
Our studies investigated the first two of these issues in detail. The results will be
described below.

In addition, Harrington et al [15] found that students sometimes consider the
magnetic flux through a volume rather than a cross-sectional area when explaining
a demonstration involving a magnet falling vertically through an extended coil of
wire. During many informal interviews with students during their lab experiences
with magnetic induction, we saw students struggle with this issue as well. Which
“area” is relevant for magnetic flux and therefore change in magnetic flux? Again we

probed this issue in more detail, as described below.

New research on students’ understanding of flux

To investigate the prevalence of two of the difficulties described by Sherwood,
students in the Autumn 1999 quarter were given a post-test immediately following a
lab on electric field lines and flux that used mainly ActivPhysics 2 computer simula-
tions [42]. Students had also completed lecture and recitation instruction on electric
fields and flux, and were learning about Gauss’ law during the same week as this
lab. Students were asked to compare the flux in situations shown in Figure 2.5. In
informal interviews with students during the lab, students often stated that since
flux is equal to field strength multiplied by area, flux would be larger if the Gaussian
surface enclosing the electric charge was larger. These students neglect the fact that
the electric field at a larger distance would be proportionately smaller so that the
flux remains equal (with the same number of field lines exiting the surface). The first

comparison on the post-test assesses the prevalence of this idea after the instruction.
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The second question assesses whether students feel that a charge outside a Gaussian

surface affects the net flux through the surface.

a) Suppose thereisapoint charge inside a 3-dimensional
spherical boundary, as shown. Suppose the boundary then
expands to five timesits original radius, as shown in the
second diagram. Compare the amount of flux through
the boundary in the two cases. Explain your reasoning.

Response || Correct Incorrect
Reasoning Reasoning
1 =2 (correct) 62 1
6
1

1>2 5
1<2 25
: . +Q
b) Suppose thereis a point charge enclosed by an ®
imaginary cylindrical surface, as shown. Suppose a
second point charge is brought near the outside of the <—L>
surface on the left, as shown in the second diagram.
Compare the amount of flux through the cylinder inthe +Q +9
two cases. Explain your reasoning.
4+—r
Response || Correct Incorrect L
Reasoning Reasoning
1 =2 (correct 74 4
1>2 7 4
1<2 0 8

Figure 2.5: Lab pos-test question on electric flux. The percentages of students giving
each response (with correct or incorrect reasoning) are shown as well. (N = 295.)

Results in Figure 2.5 show that, at least after instruction, most students seemed to

understand that external charges would not affect the net flux. Seventy-eight percent
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of the 295 students said that the net flux in both cases were equal. Of these, all
but twelve gave reasonable explanations. Twenty-two students seemed to interpret
the question to refer to the left face of the cylinder only and stated that the flux
would be larger in the first instance since the field lines would be repelled away in
the second instance. These are considered ‘correct’ in the sense that the students
seem to be accurately taking into account the effect of the external charge. Eight
students described how the net flux through the whole cylinder would be less since
some flux would enter the cylinder due to the external charge and cancel out some of
the flux due to the internal charge. These students neglected the fact that any flux
‘entering,” in this sense, would also ‘exit.” Eight percent of the students said that the
flux would be larger in the second instance. Most of these students reasoned that this
was because there was more charge nearby creating a stronger electric field or more
energy.

Students were not quite as successful on the first part of the question involving
area-dependence. Results in Figure 2.5, show that 62 % of the students felt that the
flux in both cases would be equal and gave reasonable explanations. Three students
had the correct idea in their explanation but then concluded that there would be
more flux through the second surface. Almost a quarter of the students explicitly
described the second instance as having more flux since it has a larger surface area or
radius. Most of these referred to the flux as field times area and then neglected the
fact that the field strength was not the same in both cases. For example, one student
says “® = [E-dA = E [dA = EA. Because the flux is proportional to the area,
the bigger spherical boundary has the greater flux.” Another student states this less

mathematically, saying “the flux is greater in the bottom one because there is more
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area to let a field through.” A handful of students explicitly stated that the field
strength would be the same, or constant, at both surfaces. For example, one student
said “since ® =gy [ EdA = EA (where A is the surface area), the surface area of the
second sphere will be greater than that of the original sphere because the radius was
increased five times (S A [sur face area] = 47r?) which will then be multiplied by the
electric field which I assume is the same for both spheres cause E = £ which (sic) q
is the total charge....” This student explicitly confuses the equation for flux with that
for field. Others who said the field would be the same or constant for both did not
state their reasons in as much detail, but they were possibly thinking it would be the
same because the source of the field was the same in both cases. Seven students did
explicitly compare the strength of the field for both cases, stating that case one would
be greater than case two, presumably neglecting to answer the question in terms of
flux rather than field strength. Seventeen other students still stated that case one was
greater than case two in terms of flux because the density or “concentration” of field
(lines) through the boundary was greater for the first case. These may be considered
correct, in terms of unit flux density, since the question perhaps should have stressed
the total flux or flux through the entire boundary. As an explanation for their choice
that case one was greater than case two, four other students incorrectly stated, as an
equation, that the flux is equal to the enclosed charge divided by the area and the
permittivity of free space. It seems these students are mis-remembering the equation
in a way that supports the ‘density’ or ‘concentration’ idea.

Students did not always respond to both questions using consistent ideas. This
supports Bao’s idea that students often exist in a “mixed state” of understanding—

applying a number of separate, although not necessarily orthogonal nor robust, ideas
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to different contexts of the same physics concepts [30]. In fact, some research suggests
that the use of many different ideas represents a more advanced stage of learning than
the use of a single incorrect idea consistently.[44] On this lab post-test, a number of
students were able to answer the second question correctly but not the first. This is
largely because the area-dependence of flux seems to be a larger difficulty for students
than the irrelevance of external charges. For the second question, the area involved
remains the same. At least three students mentioned this in their explanation of
the correct response for this question. However, at least twelve students explicitly
stated in their explanation for the second question that flux depends only on the
amount of charge enclosed and yet used other incorrect reasoning in the first question.
For example, one student responded that “the sphere with 5R is greater in terms
of the amount of flux because ... ® o A [emphasis his].” But then in the second
part the same student says “both [the cylinders] have equal flux because flux only
depends on charges enclosed.” This seems to indicate that for some students the
cue of varying area overpowers the correct idea, that flux is proportional to enclosed
charge. Since the students learn two mathematical representations for flux, ® =
f E-dA and ® = Q;—(’)“, it is possible that students tend to apply the first in situations
where area varies—in an effort to explicitly account for the variation in area—and
the second in cases where the area stays the same—since then area does not seem
to matter and does not appear in the equation. One student’s response on this pair
of questions illustrates this well. He applied the integral equation for the question
involving the spheres, incorrectly ignoring the variation in field strength, to conclude
that the larger sphere would have greater total flux. He then successfully applied

that second representation for the cylinders question to conclude that both would
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have the same amount of flux. Another student performed similarly, but used the
equivalent verbal rather than mathematical representations of the two equations. It
may be good if students hesitate to use an equation in a situation for which they are
not confident it applies. However, they must be able to successfully apply the method
they are comfortable with.

One student’s response to part a) of this question exemplified the third miscon-
ception Sherwood identified—that the total flux (rather than the flux through some
small region on the surface) depends on where the enclosed charges are located. This
student said “I think it would be the same amount of flux going thru (sic) the 2
boundaries [the spheres] b/c as long as the center of the boundary is at the charge
it should catch all the flux going thru (sic) it no matter (sic) the radius.” This idea
was also heard in informal interviews throughout this electric flux lab. However, this
difficulty seemed easier to overcome during the lab instruction, and so due to space
constraints, it was not explicitly probed on this lab post-test.

Questions about electric flux were also included on a recitation quiz during the
Autumn 1999 quarter. This quiz occurred after lecture instruction on flux for all of
the students. It was after the lab on flux for slightly less than half of the students
and prior to that lab for the rest of the students (since it occurred on a Tuesday and
the lab sections occur throughout the week). The two lecture sections were asked two
different sets of questions. Three of the four questions provided useful information
and are shown in Figure 2.6 through 2.8. The first question was based on a pre-test
question given in Harrington’s thesis [33] (p. 239). As shown in Figure 2.6, it asks
students to compare the amount of flux through two faces of an imaginary surface

surrounding part of an infinite sheet of charge. One face is at an angle to the plane
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of the infinite sheet while the other is parallel to the plane of the sheet. Our results
show that two-thirds of the students (83 of 127) correctly stated that the flux through
the two faces would be the same. Most of these students explained (and sometimes
sketched) that the number of field lines leaving both faces would be the same or that
the ‘perpendicular area’ or ‘projection’ of the area is the same for both faces. One
student correctly described how the greater area of the right face, R, would “even

out” the fact that its normal vector “does not point parallel with E.”

Shown below is an imaginary surface that intersects an infinite sheet of negative
charge. Compare the flux over the right side of the surface to the flux over the left

side. Explain your reasoning. (Students’ responses)
a) Lisgreater thanR (24 %)
/ b) LisequaltoR (66 %)
c) LislessthanR (6 %)
d) It depends on the (4 %)
77 angle at which the
X 4R rightside is
L slanted
7

Figure 2.6: Recitation quiz problem on electric flux. (Modified from a pre-test ques-
tion in [33], p. 239.) Students’ responses, in percentage, are shown in parentheses.
(N =127.)

About a quarter of the students felt that the angle of the right face would affect
the flux in some way. These students attempt to account for the effect of the dot
product, either mathematically or conceptually, but neglect the compensating effect
of the size of the area. Most of those answering that the left side would have a greater

flux than the right explained that the cosine of the angle would decrease flux through
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R—neglecting the compensating fact that the area of that face is larger. Some did
this as an equation; others expressed this idea conceptually—that “R is at an angle
therefore it’ll always be less than the left side, the cos[ine] of the angle will decrease
the value” or, that “since R is slanted at an angle not as much E can go through.”
One student said “L is greater than R because as we found out in lab if there is
an angle the sharper the angle the less flux there is since flux measures how much
passes through.” This student is thinking of a case, as seen in lab, where a square
with constant area was rotated in a uniform field (represented by nails through a
screen). In the quiz problem, the areas are both square, but not the same size. The
student mentions the idea of flux as the amount of field passing through the area, but
doesn’t realize that this could yield a different answer. This illustrates how instructing
students to check their understanding by using multiple ways of reasoning about a
concept (also possibly with multiple representations) can strengthen the consistency
of their functional understanding and their ability to solve problems.

Most of the students who answered that R would be greater than L seemed to
ignore the effect of the dot product completely. They explained that R’s area is
larger—mneglecting the fact that it is at an angle to the field.

The second question, shown in Figure 2.7, was based on suggested homework

exercises in the Tutorials in Introductory Physics [17] developed by the research group

at the University of Washington [p. 61]. It asks students to compare the flux across
two surfaces of different sizes, in three different situations. In the first two situations,
the closed shape does not enclose the nearby charge. For these two cases, the flux
through the two surfaces, A and B, must be the same magnitude. Since there is

no net charge enclosed, there must be no net flux through the closed surface. Any
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field that passes through surface A must have entered through surface B and any
extra field that entered surface B must also exit that surface. Note that the sign of
the flux through the surfaces would be opposite since the field enters surface B and
exits surface A. Only four students included the sign of the flux in their analysis.
These students did so correctly and concluded that surface A’s flux would be greater
than surface B. These students are included in the number “correct” in the following
summary. In the third situation, the closed surface does enclose the point charge.
Here surface B has more flux across it since it is a larger surface that is also closer to
the point charge and much of it has a normal vector parallel to the direction of the
electric field at its face.

The results show that students did fairly well on the first two cases. About 81
% of the students (136 of 167) and 69 % (119 of 167) correctly answered parts a)
and b), respectively. The majority of the explanations could be considered correct,
although they were not nearly as detailed as those given above. For example, many
simply said that the net flux would be zero since there were no charges enclosed.
While true, it is not immediately obvious that this guarantees that the flux through
the two faces would be equal. More troubling are the students—about 11 % (19 of
167)—who said that the flux through the two surfaces would be equal [for both parts
a) and b)] and equal to zero because no charge is enclosed. For example, “A =B =0
because no charge enclosed therefore no flux.” This seems to be a misinterpretation
of Gauss’ Law. They seem to be applying Gauss’ Law to the entire closed surface but
then making mistaken inferences about the flux through each piece of the surface or
applying Gauss’ Law for each surface separately, feeling that neither surface ‘encloses’

the charge. The latter idea is seen also in part c), when at least four students explained
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that surface B would have a greater flux since the charge is “in” B but not in A. For
example, one student said “B has an enclosed charge and A does not” so A is less than
B. Another said “since the charge is only enclosed in B, the flux is only in B.” While
one can consider the degree to which each surface ‘encloses’ the charge to determine
which has a greater flux, one has to be careful about the interpretation of ‘encloses.’
It certainly does not mean that the surfaces in parts a) and b) have zero flux nor that

surface A in part ¢) has no flux.

The surfaces A and B enclose a 3-dimensional volume. How does the amount of flux
over the flat surface, A, compare to the flux over the curved surface, B, as shown?
Explain your reasoning.

(Students’ responses)

+Q A greater than B (12 %)
Aﬂ @ A equals B (80 %)
A less than B (8 %)

Az (©) A greater than B (8 %)
A equals B (69 %)
B A less than B (22 %)
= R A greater than B (10 %)
A A equals B (25 %)
A less than B (66 %)
B

Figure 2.7: Recitation quiz problem on electric flux. (Modified from suggested home-
work exercises in Tutorials in Introductory Physics [17], p. 61.) Students’ responses,
in percentage, are shown in parentheses. (N = 167.)

Many of the students who answered that the flux would be greater in B for the first

two parts gave explanations centered on the fact that the area of B is larger or that B
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is closer to the charge. While these factors do affect net flux in some circumstances,
they do not in these cases. A few students tried to analyze how much of each surface
was perpendicular to the field. Again, this is an important idea for the concept of
flux, but is not applied correctly here.

About two-thirds of the students (110 of 167) correctly answered part c¢) of this
question, that the flux through surface B would be larger. However, at least 17 of
these students’ explanations were questionable. In addition to the students mentioned
above who said that the flux would be zero through surface A since it doesn’t enclose
the charge, a couple of students had answered that the flux through surface B was
greater for all three cases since it has a larger surface area in all three situations.
Another student explained that B was greater since it was closer to the charge. Again,
both the ‘larger area’ and ‘closer means more’ ideas are correct in some circumstances.
There is often more flux through a surface when it is larger and/or closer a charge.
However, each of these ideas alone is not sufficient to ensure a correct response.

Another striking issue is that 25 % of the students said that the flux would be
equal through the two surfaces for part ¢). Many of these students had also said
this for parts a) and b) as well—again with reasoning that emphasized that flux is
proportional to the charge enclosed. This shows that while it might seem like they
understood this idea in the first two parts of the question, they could not apply it
correctly in a slightly different situation. Several students’ explanations expressed
good ideas related to Gauss’ Law, but that were inappropriate for this problem. For
example, one student said “the flux is independent of position and size of surface.” As
discussed earlier regarding the lab post-test on flux, these are ideas we hope students

learn for Gauss’ Law with respect to an entire closed surface. However, here they
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are applied inappropriately to make inferences about pieces of the closed Gaussian
surface. Other students seemed to interpret this idea inappropriately to mean that
flux is uniform across an entire closed surface regardless of the shape of the surface
and the location of the charge inside. Their explanations stated things like “since it
doesn’t matter where the charge is inside, the flux is the same throughout.” Another
said “flux is the same over the whole volume.” One student expressed his struggle to
transfer his understanding to the less familiar situation represented in this question.
He says “this was a confusing question. A gaussian surface has to be closed and
charges outside [the] surface aren’t factored in. But this problem gives surfaces which
aren’t closed so we have to consider everything?”

Finally, the third question (shown in Figure 2.8) asks students to compare the flux
in each of two cases shown. Case 1 tests how students consider the presence of an
external charge and Case 2 tests whether students feel that the shape of the enclosing
surface matters. The results show that most students realize that external charges do
not affect the net flux through a closed surface. Only 10 % of the students (16 of 167)
said that the presence of the external charge would cause the flux through B’s surface
to be greater. For example, one student explained this was “because in B there will
be a greater electric field caused by the -10 Q charge.” Another said “the negative
point charge pulls the electric field through the surface faster.” These students may
only be considering the electric field strength on the surface between the two charges
rather than the integral over the entire surface.

Students were not as successful with Case 2 of the question. Only 56 % (94 of
167) correctly answered that the flux would be the same through the closed sphere

or cube. Most explained that this was because they both enclose the same charge.
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One student said the surface areas were the same, so the flux was too. Perhaps he
only noticed that both were given a dimension of length R. The rest felt that the
shape of the closed surface would affect the flux. Most felt that the one with larger
surface area would have more flux, because it has more area “through which there
can be flux,” for example. Most felt this would be the sphere, but some felt this
was the cube. As before, these students fail to consider that the strength of the field
is not necessarily the same at all points on the surface. This is consistent with the
idea expressed by some students in the previous question that, in fact, the flux at all

points on the surface would be the same.

In each case below, there are point charges inside or outside of a 3-dimensional
boundary (either a sphere or a cube). For each question, circle whether the amount of
flux through the boundary shown in A is greater than, equal to, or less than the flux
through that shown in B. In each case, explain your reasoning.

A B
CASE 1 (Students’ responses)
-10.Q A greater than B (2 %)
A equals B (89 %)
A less than B (10 %)
CASE 2

+Q A greater than B (28 %)
R A equals B (56 %)
A less than B (16 %)

Figure 2.8: Recitation quiz problem on electric flux. Students’ responses, in percent-
age, are shown in parentheses. (N = 167.)
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Some students explained that B would be greater than A because much of its
surface is closer to the charge. Others explained that A would be greater because
more of its surface is perpendicular to the field. For example, one student said “field
lines + dA are always parallel so cos(0) = 1 which is max value.” Each of these ideas
is good, but the students need to consider both of these ideas since they compensate
for each other. This is an example of students struggling to apply more than one
relevant idea. Viennot and Rainson report that “problems with several variables

raise considerable difficulties” for students.[45] They tend:
e “to ignore a cause if no effect is visible,
e to associate a cause with only one effect, forgetting other effects, and
e to consider only one cause for a given effect.”

diSessa [6] notes that even if students are aware of the competing ideas, they often
struggle to decide which should ‘win.” In this question, as before, students could be
encouraged to consider flux as the number of field lines exiting the surface to verify
that they had employed the multiple compensating ideas correctly.

Another aspect of the concept of flux that was investigated in this dissertation is
its label. That is, the term “flux” itself may be troublesome to students in the context
of magnetic induction. At the beginning of the Autumn 1999 quarter, students were
asked to state what the term flux meant to them. The main results of the survey
given at the beginning of the quarter are shown in Table 2.1. Twenty-eight of the
245 students gave multiple responses. Of the 277 responses, 59 students said this

N«

term means something like “change,” “changing,” or “a state of change.” Twenty-
two students said it means something like fluctuate (often misspelled as “fluxuate”),
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or “variation.” Approximately forty-one students used some other dynamic word
or description implying variation or change, for example, alternate, surge, transfer,
disorder, or not stable. These, combined, represent about 44 % of the total responses.
(This number does not include the students who stated that the word flux meant
movement or flow.)

Several of the responses counted above were specifically related to physics con-
cepts. Two explicitly stated flux is a “changing B field.” Others mentioned current,
for example, “variations in flow of electricity” or “surge of electric charge.” There
were other physics-related responses that did not fall into the “change” category. For
example, six responses related flux to the strength or energy of the magnetic field
itself. Only five responses approached physics-related flux ideas. One was somewhat
general, “used to describe light & fields.” One appeared to be related to magnetic
induction: “field lines of magnetism or electricity in an area.” Three explicitly de-
scribed a particle flux idea, for example “amount that passes thru [sic] a given pt

” or “amount per unit area, i.e. amount

in an amount of time. lumens of light ... ,
of wind that passes over a slab of concrete.” The third related it explicitly to the
flow of current: “the amount of ¢ flowing thru [sic] a certain area.” Overall, there
were 41 responses involving some sort of flow or movement idea. Often these were
very general. This includes 10 students who stated some sort of oscillating motion.
Finally, sixteen responses said that flux was a material used in soldering. Thirteen

students stated that they had simply heard the term in a popular movie (Back to the

Future).

75



“Flux” means: # of

responses
Something resembling particle flux or magnetic flux 6
“Change,” “changing,” or “state of change” (includes 2 ‘changing | 59
E or B’)
To “fluxuate” [sic] or “vary” /“variation” 22

Other dynamic ideas such as “to alternate,” “to increase/decrease,” | 41

Y

“a surge,” or “transfer”

“flow” or “movement” (includes “back and forth” or “in and out”) | 41
Substance used in soldering 17
No Answer 64
Other 27

Table 2.1: Common student responses to a pre-course survey about the term “flux.”
Since this was an open-response question, 28 of the 245 students stated multiple
responses, for a total of 277 responses.

In the Random House College Dictionary [46], some of the definitions of the word
flux are given as “l1. a flowing or flow. ... 3. continuous change, passage, or move-
ment... 4. lack of certainty, purpose, or direction; instability.” The physics definitions
are listed sixth. First are those related to particle, fluid, or light flux, as “the rate of
flow of fluid, particles, or energy” and second, related to electric or magnetic fields, “a
quantity expressing the strength of a field of force in a given area.” Finally, the dictio-
nary also lists the definition related to metallurgy, for example as “a substance used
to remove oxides from and prevent further oxidation of fused metal, as in soldering or
hot-dip coating.” So it is very reasonable that students enter an introductory physics
class with many of these ideas related to the word flux. Students were asked to define
the term “magnetic flux” again partway through their instruction on induction. The

results are described in Section 6.1.1.
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Finally, we probed the issue, observed previously in Harrington et al’s demon-
stration interviews and during our own informal interviews with students in the labs,
that the relevant area for induction is sometimes perceived to be the surface area or
volume, especially for the case of an extended solenoid. A lab pre-test was given, in
the Autumn 1999 quarter, immediately prior to the second lab on magnetic induction
(see Figure 2.9). It was particularly appropriate since this lab involves an estimation
of the maximum emf induced by a magnet going through an extended solenoid. By
this time students had also had some lecture and recitation instruction on magnetic
induction. In fact, they had seen and discussed the demonstration of the falling

magnet, described in the question, in both the lecture and the previous lab as well.

Suppose a homework question asks you to calculate the amount of emf induced around a hollow metal

tube as a magnet is being dropped into it. (This is similar to a demonstration you saw in the last lab.)

Using Faraday’s Law, you calculate that || = |N%| =|NA % .

\'
l Now which area do you put in for A here? (circle one)
@ a) mR? (the cross-sectional area of the cylinder)

b) 2w RL (the surface area of the cylinder)

7 R2L (the volume of the cylinder)
2(mR?) + 27 RL (the total surface area, of the cylinder—including

C

L d

N s

top and bottom faces)

\_/ v Explain your reasoning;:

Figure 2.9: Lab post-test question concerning the area relevant to magnetic induction.
(N = 225.)

Most students (81 %, or 182 of 225) correctly identified “the cross-sectional area of

the cylinder” as the relevant area. However, their explanations were often extremely
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superficial, many simply repeating that the cross-sectional area was the relevant one.
Occasionally students simply said “I was told in lecture” or “I have no reason.” 9 %
of the students (20 of 225) circled the “volume” answer. Several of these explained
that the volume is essentially a sum of cross-sectional areas. For example, one student
states this very clearly, saying “because Faraday’s Law says to use the area of the
plane of the loop (or face of the loop) but in this case, we have—in a sense—L of
those loops, therefore we use A = 7R2L.” Another very clearly focuses on the need to
consider the change in flux through the surface, where “the cylinder is several surfaces
stacked on top of one another. A volume is the sum of the areas of these surfaces.”
These students are attempting to apply the correct idea. However, they don’t realize
that the N in Faraday’s Law already takes the number of loops into account. Further,
volume is conceptually different than a sum of cross-sectional areas. Therefore it may
be misleading to think of it in this way. This can be seen in the explanations of the
other students who chose this answer. These students focused on how “... the magnet
acts throughout the volume of the cylinder.” They do not seem to be distinguishing
between volume and a sum of cross-sectional areas as the other students are.

8 % of the students chose the “surface area” answer. Several of these students’
explanations again expressed a need to take into account the number of loops involved.
However, these students were much more vague about how this would happen. For
example, one student explained you would use the surface area “because it is travelling
through the cylinder, so you need L” and another that “we must consider the area of
length L.” One student explained very clearly that “the coil is the cause of its emf so
therefore it would be the cylinder’s walls.” Other students focused on the fact that

“the flux is passing through the surface area.” Another student explained in more
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detail that the “top & bottom faces cancel. The area is the surface area b/c this is
where the magnetic field enters & exits.” While it is true that flux penetrates the
curved surface area as well as the faces, a change in flux in that direction would not
contribute to an induced emf around the loops. Further, the flux through the faces
would only cancel (if you consider the cylinder as a closed volume with the direction
of the normals defined as outward), when the magnet is at the center of the cylinder.

Three students chose (d), “the total surface area....” Two of their explanations
were not very clear at all. The other explained the choice “because the magnet is
going through the entire cylinder.”

Based on informal interviews with students—especially as they attempted to apply
their ideas to the estimation of the maximum induced emf during the lab that followed
this pre-test—it is likely that these difficulties determining the relevant area is more
common than these results show. But the reasoning students use here does give an
idea of what issues could be made more clear when introducing magnetic flux to
students and when using this idea as related to magnetic induction. For example,
instruction can help students learn to properly interpret the N in the equation as
the concept that accounts for the effect of ‘the whole cylinder.” Further, it seems
likely that some of the observed difficulties might be caused by the repetition of the
idea of flux through an enclosed volume during students’ instruction on and extensive
practice with electric flux in the context of Gauss’ law. Often magnetic flux is then
introduced as analogous to electric lux. While there are similarities, and one can
consider the amount of electric or magnetic flux through either a two-dimensional
area or a three-dimensional volume, in practice, Gauss’ law refers to the electric flux

through a closed surface area—i.e. one that encloses a volume—while Faraday’s law
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refers to the change in magnetic flux through a cross-sectional area. Perhaps the
distinction is not emphasized sufficiently. One student alludes to this more directly,
explaining his answer of “volume” that “it is the volume that encloses the magnet.”

His language is very suggestive of an interpretation of Gauss’ Law for magnetic flux.

2.1.4 Difficulties with Underlying Math Concepts

Vectors, in general, cause students some difficulty. One study reports on intro-
ductory physics students’ struggles to calculate vector components and magnitudes,
and to use vector addition to determine resultant vectors.[47] As Redish points out
[48], students can be confused by the use of the mathematical symbols (e.g. Roman
and Greek letters) to represent a large number of different types of entities such as
specific numbers (e.g. 7 and e), universal constants (e.g. k, the Boltzmann con-
stant), experimental parameters (e.g. k, the spring constant), independent variables,
and dependent variables. Rebmann and Viennot [49] report on students’ difficulty
interpreting and applying sign conventions correctly—both the those associated with
a physical quantity and those associated with the functional relationship among vari-
ables. An induction-related example of the former is the coding of the magnetic flux
as positive or negative. As an example of the latter, the researchers describe the
choice of coding the relationship between potential difference and current as either
Vi—Vpg =+RI or V4 — Vg = —RI. They note that students tend to change as many
signs in equations as necessary to arrive at the answer they expect.

Several studies appear in the math education literature on students’ difficulties
with the idea of rate of change. For example, White and Mitchelmore [50] describe
a study of Australian students’ performance on problems involving rate of change

problems at four instances during their introductory college level calculus course.
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Four versions of four questions were written with varying amounts of translation
provided between the verbal representation and the mathematical representation. A
different version of each question was put on each version of the test. These four
tests were then given to each of four groups of 10 students, cycling through all four
versions of the test, at four times in the course: before, during, and immediately after
the calculus course, and then six weeks later.® The results showed that the versions
of the questions that provided more of the information already in a mathematical
representation (i.e., that required less translation from a verbal representation) were
easier for students to answer correctly.

Common errors on rate of change questions seemed to exemplify students’ inability
to reconcile the expression of a variable as a function of another variable with the
expression of the variable at a specific value. For example, one student in an interview
said “that the V = 3 and the V = 64 at the same time confused me. I didn’t know
which one to use.” This student ultimately gave two separate answers, one for each
perceived case. Another student asked if the specific value of 64 corresponded to
the initial value of V. Perhaps he was more comfortable thinking of an initial value
of a variable than of the value of a function at some arbitrary point. One common
difficulty on the more difficult question was to substitute a specific value for a variable
before performing the derivative rather than evaluating the derivative at the specified
value at the end. The result of the derivative is then equal to zero. (An example of
this type of difficulty in an induction context is described in Section 3.4.2.)

The researchers also note that students tended to focus on the symbols themselves
rather than the meanings behind the symbols— “actively looking for symbols to which

8Student interviews showed that students were unaware that they were answering different ver-
sions of the same question each time.
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they could apply known manipulations.” For example, one student states “there is
a change, so I thought of ‘2—’: [when in fact ‘fi—’f was required] because v was the only
variable there.” In contrast, good conceptual understanding of rate of change involves
having an overview of the variables and the relationships among them, and the ability
to write the appropriate derivative in terms of the appropriate variables.

For the two questions that required students to maximize a variable by setting
its derivative to zero, the results showed that this type of question was more difficult
than the previous ones. Another level of abstraction is required. The most common
error again involved students focussing on the symbols involved in the question at
a superficial level. For example, one question provided an equation relating y as a
function, but asked students to maximize the area under the curve that this equation
represented. Many students differentiated y, rather than area, with respect to z.
The researchers refer to this as the z, y syndrome. The feel that students tend to
remember ideas and procedures in terms of the symbols in which they were learned,
rather than in terms of the underlying mathematical concepts (in this case, the rate
of change of a function).

Informal interviews during the laboratory on electric flux revealed further diffi-
culties with the mathematics related to induction. During these activities, students
were asked to discuss the conceptual aspects of the mathematical steps associated
with the application of Gauss’ Law, [ E - dA = %, to calculate the strength of the
electric field at some point due to a point charge. We found students sometimes apply
the idea that the normal vector of an area is “perpendicular” to the area to mean

that it is tangent to the surface (especially when sketching 7 for a two-dimensional
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representation of a spherical surface). This may seem familiar to students from learn-
ing about tangents in math class, but it is not appropriate in this context. Others
interpret the “perpendicular” relationship between the normal vector and the area
to imply that the angle, 6, in dot product is necessarily 90". However, they seem to
know that they are supposed to get a value of 1. Therefore, they either interpret the
dot product to correspond to a sine function (where sin(90°) = 1) or they incorrectly
recall the cosine function (stating that cos(90') = 1).

These discussions also showed that students have great difficulty understanding
conceptually why one can often take the electric field strength, E, out of the integral
before integrating to find the total surface area. When asked, almost every student
answered this is allowed “because it is constant.” On the surface this sounds fine,
however, when asked what they meant by ‘constant’ students stated things like ‘it is
of known value (everywhere),” ‘it is constant everywhere inside the gaussian surface,’
or ‘it is constant in time.” This shows that students do not fully understand both the
conceptual interpretation for the term ‘constant’ in this physics context or the purely
mathematical features necessary to allow one to take a variable out of an integrand.®

Another difficulty observed in students’ performance on several quantitative prob-
lems on magnetic induction is that students have trouble calculating derivatives that
involve the chain rule in induction contexts. Two examples are discussed later in this
work. First, in calculating the time derivative of an area involving 72, students often

9To illustrate these issues for students, we compare the case of an imaginary cube surrounding
the point charge to that of the Gaussian sphere. For the cube, the electric field strength is not the
same at every point on the cube and therefore one can not bring the E outside the integral in that
case. The integral is attempting to add up how much electric field points parallel to the normal
vector over the whole surface. If and only if the value of Epsrquer is the same for every unit dA,
then one can simply multiply one value of E times the total number of dAs (that is, A times E).
Multiplication is, in this sense, simply repeated addition of identical quantities.
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forget the ‘é—: term that corresponds to the velocity with which the area is expanding
(see Section 4.4.5). Second, in calculating the time derivative of cos() in the context
of a generator problem, students very often forget the % term that corresponds to
the angular frequency with which the loop is rotating (see Section 6.3).

2.2 Students’ Initial Understanding of Electromagnetic In-
duction

The topic of magnetic induction is not usually introduced until about the eighth
week of the ten-week quarter of the introductory electricity and magnetism course. As
part of this dissertation work, students’ awareness of the phenomenon of induction and
the ideas they initially apply to related questions prior to instruction was investigated
at two times in the quarter. First, at the beginning of the quarter, students were asked
a set of free-response questions related to the existence of the phenomenon and a set
of multiple-choice questions (on the CSEM [36]) as part of a pre-test on electricity
and magnetism. Second, students were asked a set of free-response pre-test questions
at the beginning of a laboratory on induction that served as their first instruction on

induction. The results are described below.

2.2.1 Awareness of the Phenomenon of Induction

Another reason the topic of induction may be difficult for students is that the
phenomenon itself is surprising to many students. According to many students prior
to instruction, a battery or other source of charge is required to generate electricity.
To determine what students think about the phenomenon of induction prior to their

calculus-based introductory course on electricity and magnetism, students were asked

84



two sets of questions at the beginning of their first lab that occurred during the first

week of the quarter. The two sets of questions are described in the following sections.

“Lighting a Bulb” Pre-test Question

The first version of the first set of questions was designed to investigate whether
students are aware, prior to instruction, that a magnet can be used to light a light
bulb, and if so, how this occurs. As a basis for comparison, students were also asked
if and how a battery could be used to light a bulb. This first version, given to half
of the lab sections, is shown in Figure 2.10. It attempts to minimize the influence of
the question on the students’ thinking, while providing enough context to discourage
general ‘I don’t know’ answers.

The results show that over half of the students in the class, at the beginning of
the course, were not aware that the phenomenon of magnetic induction exists. Of the
153 students asked this version in the Autumn 1999 quarter, 52 % said no—that you
need something like a battery. Some even stated that if this were possible, we would
no longer need batteries, we could get our electricity from magnets instead. This is
actually not surprising since it is prior to instruction. (However, almost all of the
students at this time could correctly indicate how a battery could be used to light
the bulb.) Another 38 % of the students said that it could be done, but could not
sketch or describe a configuration that would work. Of these, the majority (24 % of
the students overall) sketched connecting the magnet to the bulb just as you would
a battery. (See Figure 2.11.) Some stated explicitly that the magnet would work in
the same way as a battery, for example, that positive charges would flow from the
North pole of the magnet and negative charges to or from the South pole. This idea

is consistent with the confusion of electrical charges and magnetic poles as described
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in Section 2.1.1. In fact, it is not necessarily a bad guess for students to make at
the beginning of the course. It is possible that the traditional method of introducing
magnetism as analogous to electricity may lead students to hazard this guess. It
is also possible that the design of the quiz (with the magnet question following a
similar battery question) unintentionally led students to think analogously in this
way—consciously or subconsciously.

The second version of the question was given to the other half of the lab sections
(alternating, spread over the whole week of the lab). This question is shown in Figure
2.12. Tt includes four situations: (1) a correct battery/bulb circuit [Figure 2.12(b)]—
again as a baseline and as a comparison to (2) a “magnet as battery” situation
[Figure 2.12(c)]. (3) is a stationary magnet inside a loop [Figure 2.12(a)]to compare
to (4) a moving magnet inside a loop [Figure 2.12(d)]. This version was designed
to serve multiple purposes. First, it more explicitly assesses whether students can
recognize a correct answer (even if they could not recall it independently). In this
version, a student who believes a battery is necessary would have to actually deny the
correct induction situation would work and would only answer “yes” to the situation
with a battery. Second, this version can distinguish between students who believe a
stationary magnet inside a coil of wire is sufficient and those who know that motion
of the magnet is a necessary condition for this type of situation. Finally, it can show
how many students agree that the “magnet as battery” option would work, even if
they had not thought of it on their own. While this version gives more detailed data
on students’ thinking about each of the four specific cases, it influences the students’

thinking more. This is why both versions were given.
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1.) Given the materials shown, can you light the light

bulb?

If your answer is “Yes.” Q
a) Draw adiagram showing how it can be done.

b) Explain, as best you can, the physics of why

) Bulb Coil of wire
this would work.

If your answer is “No.”
Explain, as best you can, the physics of why it is not

possible.
Battery
2.) Given the materials shown, can you light the light
bulb? Q
If your answer is “Yes.” Bulb Coil of wire
a) Draw a diagram showing how it can be done.
b) Explain, as best you can, the physics of why A >
thiswould work.
Magnet

If your answer is “No.” _ o
Explain, as best you can, the physics of why it is not

possible.

Figure 2.10: Version 1 of a pre-test given at the beginning of the course on electricity
and magnetism to investigate students’ awareness of the phenomenon of magnetic
induction.

bulb
wire

magnet

Figure 2.11: Almost one quarter of the students sketched and described how a magnet,
connected as a battery, could light a bulb.
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As one might expect, the students did somewhat better on the second version.
About two-thirds of the students (95 of 144) were better able to recognize that situ-
ation (d) would work. However, many of these students gave no explanations. Many
others’ explanations involved the vague idea that “something” happens here or that
the energy or motion causes it to work. Several students gave surprisingly good ex-
planations considering this question was asked at the beginning of the course. Very
few of the students felt that a stationary magnet inside the loop would be sufficient
to light the bulb. It is possible more would have agreed that it would work if it were
drawn as many turns of wire wrapped tightly around the magnet, as sketched by a
number of students on a preliminary, open-response version of the question.

About one-third of the students (42 of 144) explicitly denied that situation (d)
could work. This result combined with that from Version 1 of the question implies
that somewhere between one-third to one-half of the class will be very surprised to
learn that the phenomenon of induction exists. 38 % of the students agreed that
the “magnet as battery” would work. Their explanations were similar to those given
by students who gave that answer on the open-ended version—that as long as the
magnet was physically connected to the bulb, charges would be drawn towards or
away from its poles and cause the bulb to light.

While these results are an indication of what students know of induction as they
enter the electricity and magnetism course, one might also like to know what ideas
about induction students have just as they begin their instruction on induction. In
the Spring quarter of 1998, Version 1 (see Figure 2.10), was asked as a pre-test at
the beginning of a laboratory session on induction which came prior to any lecture

on induction. The results were similar to those stated above. In this case, 28 % of
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For each case below, state whether you think the light bulb would be lit and explain in
detail why you think this.

a) Magnet at rest inside loop of wire connected to bulb:

Bulb
Students’ responses:
Magnet 6 % Yes
92 % No
(2 % No answer)
wire loop

b) Battery connected to bulb:

Bulb
connecting wires 100 % Yes
0% No
— (0 % No Answer)
T+ -
Battery

¢) Magnet connected to bulb:
Bulb 38 % Yes

60 % No
(2 % No answer)

connecting wires

Magnet

d) Magnet moving back and forth inside loop of wire connected to bulb:

Bulb
66 % Yes
29 % No
Magnet (5 % No Answer)
wireloop

Figure 2.12: Version 2 of a pre-test given at the beginning of the course on electricity
and magnetism to investigate students’ awareness of the phenomenon of magnetic
induction. Students’ responses are listed in parentheses, although correct answers do
not necessarily imply that students gave correct reasoning.
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the students (48 of 172) said you would need a current source, about 14 % said you
could do it by connecting the magnet as you would a battery (i.e. the magnet is a
sufficient current source), about 26 % said you could do it but gave incomplete or

incorrect ways, and about 30 % described a way that would work.

Multiple-choice questions related to induction

Another measure of students’ familiarity with the concept of induction prior to
their introductory electricity and magnetism course comes from the multiple-choice
CSEM given at the beginning of the course. There are four questions related to
magnetic induction. One is also a question on motional emf—it asks about the
charge distribution on a neutral metal bar moving inside a uniform magnetic field.
This question is consistently one of the hardest on the test for students. (Students
typically get this question correct about 5% of the time on both the pre- and post-
test.) However, since it can be answered using the Lorentz force alone, it is not
included in the magnetic induction analysis described in this work.

The results for the Autumn 1999 quarter were analyzed for 172 students who
also took the delayed post-test at the beginning of their subsequent physics class
(in Winter 2000). (Post-test results will be discussed in Section 4.4.6.) On average,
students got the induction questions correct about 26 % of the time on the pre-test.
Results for other quarters are similar for these questions. When this is compared to
the 20 % chance students had to randomly guess the correct answer out of the five
possible choices on each question, it seems that students do not enter the course with
significant knowledge about this topic. In contrast, students often score around 70 %
correct, at the beginning of the course, on several questions related to Coulomb’s Law
and the direction of forces between charges. Previous experience in adding vectors
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and perhaps high school physics classes might help students be more successful on
these topics.

Each of the three induction-related questions had “none of the above” as the fifth
choice. In each case, this would be the response chosen by students convinced that
a current could not be created without an obvious source of power present. This
response was chosen by 14 %, 12 %, and 4 % of the students on the respective
questions. The first induction question concern four situations in which a loop moves
in several directions near a bar magnet. Students are asked to choose which situations
would have an induced current. Since fewer than 20 % (the random guess threshold)
of students’ responses were consistent with the idea that none would light (i.e. “none
of the above”), it seems that most students tried to imagine some way in which
it could be done—even though a larger number of them on the ‘Lighting a Bulb’
question stated that it was not possible. The third induction question involves a
current induced in a second coil due to a changing current in the first. The diagram
that accompanies the question depicts a power supply connected to the first coil.
It is possible that the presence of this power supply is at least partially responsible
for fewer students choosing the “none of the above” response here—even though the

power supply is not connected to the coil of interest.

2.2.2 Ideas Students Initially Apply to Induction

In their introductory electricity and magnetism course at Ohio State, students’
first exposure to magnetic induction comes in the form of a guided-inquiry lab in
which they use simple equipment such as a coil, magnet, and galvanometer to invent
a qualitative rule for when emf is induced. (These materials will be described in
Section 3.1.) Informal interviews with students during these activities showed that
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students often focus on motion to determine when emf will be induced. For example,
if there is relative motion between the source of the magnetic field and the coil of wire,
then there will be an induced emf. While this is true in many cases, it leads students
to incorrect predictions in other cases. These informal interviews also showed that
students often think that the strength of the magnetic field is important. Again this
may be true in some cases, but is not always true. These ideas, along with the idea
mentioned previously that a current source is necessary, were used to design a set
of pre- and post-test questions to determine how prevalent each of these ideas is for
students just before their initial instruction on induction and just after this instruction
(which in practice is about an hour and a half long). The pre-test is shown in Figure
2.13. The post-test will be discussed in Section 4.2. The questions were designed so
that they could be answered meaningfully by students who had not yet had instruction
on induction, but who had learned about currents, magnetic fields, and the field line
representation. For example, each question relies heavily on a pictorial representation
of the situation under consideration so that students could imagine the actual event
occurring. Asking the students only to compare the brightness of the bulbs removes
the issue of which direction any current would be induced (and whether the current
is derived from the emf or vice versa). It also avoids the term “emf” which students
have not learned yet. The post-test was designed so that many of the questions would
contain the same physical situation as on the corresponding pre-test questions, but
with slightly different surface features. Note that students were required to explain
their choices. This is important since in some cases one response might correspond

to different student ideas.
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For each case below, circle the relationship that best shows the relative brightness of the bulb in

situation P compared to the bulb in situa tion Q. (Assume al loops and bulbs are made identically.)
Explain the reasoning behind your choice, or what triggered your response in each case —even if it
was a guess.

P /VQ/ Case 1: Explain:
| P> Q (P is brighter)
P < Q (Q is brighter)
P = Q =0 (neither lit)
Magnet is at rest Magnet is_farther from th_ P =Q # 0 (litequally)
near the loop loop, moving toward it with
speed v
B S B —
> I Case 2:
N S N P>Q
S P<Q
] L an e P=Q=0
Loopisatrestina Loop is moving to the right P=Q=#0
uniform magnetic field with speed v in the same
uniform magnetic field
— B1 — — B2 — Case 3:
P>Q
N S N S P<Q
» P= Q =0
opi o the Ti oo o =Q#0
Loop is moving to the right Loop is moving to the right P=Q
with speed v in auniform with the same speed v ina
magnetic field weaker uniform magnetic field
batt Case 4:
battery ey
P>Q
P<Q
P=Q=0
Just as switch is closed A long time after switchisclosed | P=Q #0
(current just startsto flow (current is flowing continuously
through the circuit on the left) through the circuit on the |eft)
P>Q
P<Q
. . . . . P=Q=0
Magnet is rotating about an Magnet is rotating about its
axis perpendicular to the long axis as shown, with P=Q=#0
page, with angular speed w same angular speed, w

Figure 2.13: Pre-test related to magnetic induction given at the beginning of students’
initial (laboratory) instruction on induction.
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Preliminary versions of the pre- and post-tests were given in the Spring quarter

of 1999. Analysis of the results confirmed four main ideas that students seemed to

apply:

e “Change:” This includes correct ideas such as changing magnetic field strength
in a region, or ‘breaking field lines’. It often involves more vague ideas that
‘something’ is happening here. These students are correct in their answers, but

may need to more deeply understand and/or express the ideas.

o “Motion:” This idea usually involves the relative motion between the source of
the magnetic field and the loop in which current can be induced. It is sometimes
more vague or focuses on unusual sources of motion. It gives the correct answer
in many cases (since often motion is the cause of change in flux), However, it

leads students astray in some cases (especially cases 2, 4, and 5 on this pre-test).

e “Field:” This idea most often leads students to incorrect answers. It includes
students who base their decisions on the strength of the magnetic field present.
Usually they consider the strength of the field at or through the loop. Occa-

sionally they seem consider the magnetic field in the whole region shown.

e “Current:” This includes the idea that a traditional current source such as a
battery or charged capacitor is necessary to produce current. It also includes
the idea that a battery is sufficient to produce current even if it is not connected
in a separate, neighboring, circuit rather than in the relevant circuit (as in case

4 of this pre-test).
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Students sometimes apply ideas related to the Lorentz force (ﬁ” = qU X é) to
induction questions. ! On this pre-test, those done explicitly and successfully were
classified in the correct Change Idea category since that category represents the one
we would like students to use. For the Autumn 1999 data, this was limited to only
a few students on Question 3. If the Lorentz force idea was used in a more vague or
general way, it was classified according to the variable on which the student based
his or her decision. For example, “a stronger field will have more effect on the mov-
ing particles (e—)” was classified in the “field” category. (This reasoning led to an
incorrect response to Question 3 on the Autumn 1999 post-test.) A fifth category,
“other,” is included in all of the following analysis to account for any answers that
were not common enough to warrant a separate category, not clear enough to cat-
egorize, or ones for which no explanation or no answer was given. The number of
student responses falling into this catch-all category was sufficiently small that the
four main categories seem to represent the most common initial student ideas about
induction. Based on these preliminary results, the tests were refined to the version
shown here, and administered in Autumn Quarter 1999. The results of this will be
described next.

The data was first analyzed to answer two different research questions. First, how
often was each of the four ideas used to answer each question. Second, how often did

109Gt udents learn about the Lorentz force immediately prior to induction. In fact, induction is often
introduced by showing students how moving a loop of wire in a magnetic field will create a current
in the loop. Often a question is then posed as to whether a current would also be produced if one
now moves the magnet instead of the wire. The Lorentz force says no, yet relativity says that one
cannot distinguish between a stationary reference frame and one moving at constant velocity, so one
should still see a current. Otherwise this would be a test for which frame is at rest. The experiment
is then performed for the students (or by the students) and a current is seen. This motivates the
need for new physical understanding, i.e. Faraday’s Law. So it is perhaps not surprising that many
students attempt to apply the Lorentz force idea to questions about magnetic induction. It is not
wrong to do so, but sometimes it is more difficult.
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individual students apply each single idea consistently to answer the set of questions
as a whole. First we describe the former. Table 2.2 shows the number of times
each idea was applied to each question by the 235 students who answered both the
pre-and post-test questions. For example, the third question on the pre-test focuses
on whether students think the field strength or the amount of flux through the loop
matters (in a case where it does not). The motion variable is described as being the
same, while the field strength at the loop is shown to be different. Table 2.2 shows
that about 86 % of the 235 students felt that the idea that the field strength or flux
does affect the amount of emf induced.

The second question focuses on whether students think motion matters. The field
strength variable is shown to be the same, while the motion variable is described as
different. The results show that about 40 % of the students used the motion variable
to determine their answer to this question. Note that almost as many students’
answers relied on the amount of field or flux present instead.

The first question assesses which factor—motion or field strength—students think
matters more. One situation has motion while the other has a larger field strength
at the loop at the instant shown. The results show that close to 55 % of the students
used the field strength or flux idea to determine their answer while only 28 % relied
on a motion idea.

How successful each idea is at helping students arrive at correct responses is also
relevant. Figure 2.14 shows the frequency with which each idea was used overall, and
how frequently it supported an incorrect response (represented by the black regions).

We see that the “change” idea was generally very successful, while the “motion” idea
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Idea Used Question 1  Question 2 Question 3 Question 4 Question 5
“change” 11 19 12 11 30
“motion” 66 95 4 21 29
“current” 10 9 9 131 6
“field or flux” 129 90 202 35 99
“other” 19 22 8 37 71

Table 2.2: Prevalence of each main idea, in number of times used, on each of the five
pre-test questions on induction. (Each question had a total of 235 responses. We
estimate that 10 % of the response classifications are uncertain—spread evenly over
the categories.)

was only successful 65 % of the time. The “current” and “field” ideas were largely
unsuccessful.

The fourth question was intended to probe two issues. First, does the presence
of a battery affect students’ answers? For example, for those who think a charge
or current source is necessary, would they also think it is sufficient even if it is not
in the circuit with the bulb? Second, would students apply a “motion” idea in a
case where there was no relative motion between the source and test coils? Results
show that about 56 % of the students did use the presence (or lack of) current in the
circuit in this question to determine the brightness of the bulbs—even though the
bulbs are not connected to the nearby circuit. !* About 9 % of the students’ answers
to this question were based on a motion idea. For example, some students explained
that since neither situation has relative motion between the bulb and circuit, neither
would light.

'While the presence of current in the circuit is closely related to the presence of field or flux in
the second loop, students classified as using a “current” idea only explicitly mentioned current, not
field or flux.
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Figure 2.14: Prevalence of each idea (in percentage) on the pre-test as a whole,
and the percent of time these lead to correct and incorrect answers. (The total
number of responses on this post-test is 1175. We estimate that 10 % of the response
classifications are uncertain—spread evenly over the categories.)

The fifth question was also designed to probe students’ use of a “motion” idea
since both loops are said to be rotating with the same angular speed but in different
directions. Results show that 12 % of the students did base their answer on the
motion—most saying that the two situations would have the same induced emf since
the angular speeds were the same. Note that more students used what was considered
to be a “change” idea on this question than on the others. Some of these students
said the changing field here would create an effect. It is not clear why they didn’t
use this idea for the other questions. A few students explicitly said this situation was

similar to a generator, often without much more explanation. Also surprising was
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that so many students would still apply a field or flux idea for this question. Some
said that since the field was the same at the instant shown, the bulbs would be lit
equally. However, most said that situation Q would have a brighter bulb than P since
Q’s field is always going through the loop whereas that in P is not. In essence, these
students seem to be considering a net or average amount of field over an extended
time.

Now let’s consider the second research question. How often did individual students
consistently apply each of the four common ideas to the whole set of questions? By
far, the idea that was used most consistently was the field idea. 28 % of the students
consistently applied this idea to at least four of the five questions. Students used the
“motion” and “current” categories consistently only 3 % and 4 % of time, respectively.
3 % of the students began this lab consistently using ideas in the “change” category.
2 % of the students consistently used ideas that did not fall into the other four
categories—including not answering or providing any explanation for some of the
questions. The majority of the students (60 %) did not use any single idea to answer
at least four of the five questions. These students used a mix of ideas, for example
vvBlv, vvBIB, BvBIB, and vvBI?. This is another example of students exhibiting
characteristics of being in a ‘mixed state’ as described by Bao (c.f. [30]). Chapter
4 describes the application of his Model Analysis techniques to further characterize
students’ mixed states in the context of magnetic induction—both before and after

their initial laboratory instruction.
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2.3 Summary

Students’ learning of magnetic induction is affected by the ideas they have about
it and its underlying concepts at the time of instruction. This chapter has described
some of the features of introductory university physics students’ initial states, prior
to any instruction on magnetic induction.

Magnetic induction involves a number of concepts that students have encountered
previously in their physics courses. Incomplete understanding of these underlying
concepts can affect the ways students learn about induction. Previous research and
work done in this dissertation show ways in which students struggle with concepts
such as field, its representation, and flux, as well as embedded mathematical concepts
such as the time derivative, the dot product, the integral, the normal vector, the area
relevant for Faraday’s Law, and the interpretation of the sign of flux. A summary of
the observed!? issues are as follows.

Field:

e Students do not fully understand or apply the concept of superposition of fields:

They feel that

— closer to more charge necessarily implies a stronger net electric field, re-

gardless of the directions of the individual fields;

— only charges inside a Gaussian surface contribute to the electric field at

that surface;

— only charges on a conducting surface contribute to the electric field near

that surface; and,

12This summary includes issues observed by others’ research, as well as that of the author, as
described in the chapter.
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— only charges outside an insulating spherical shell contribute to the electric

field outside the shell.

e Students feel that electric fields do not penetrate insulators because the charges

can’t move there.

e Especially prior to instruction, the term “electric field” is not well distinguished
from the area or location “where electricity has an effect,” or from a collection

of charges.

e While students often know that electric field strength decreases with distance

from the source, they may be unsure how rapidly this occurs.

e Post-instruction, some students do not realize that moving charges (or currents)

are a source of magnetic fields.
e Students confuse electric and magnetic fields:

— they are more aware of general similarities than differences; and

— some think that magnetic fields exert forces on stationary charges.

e Just prior to instruction on magnetic induction, students have incomplete or
incorrect understanding of the magnetic field distribution due to a current-

carrying solenoid:

— they misapply ideas of superposition outside the solenoid; or

— they think the magnetic field is radial either inside or outside the solenoid.

Field line representation:
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Students fail to recognize and explain unphysical features of electric field lines

such as closed loops [for stationary systems], kinks, or crossed lines.

Students’ thinking about field, force, or trajectory, is inappropriately influenced
by their visual representations, along with superficial diagrammatic features:

they respond as if

curved electric field lines imply curved force vectors;

a straight force vector must be caused by a uniform electric field;
— the trajectory of a particle must be along a field line;
— force vectors are drawn to fit inside the frame of the diagram; and

— a Lorentz force RHR is used to determine the direction of force on a charge

when shown representations for velocity (or trajectory) and electric field.

Students indicate that the direction of motion of a particle, or force of a particle,
is directly toward a ‘source’ (whether shown or imagined)—regardless of field

lines shown.

Students describe field lines as representing the flow of something such as charge

or field.

Students are unable to successfully interpret or construct the field line represen-
tation to answer questions about the relative net field strength at a point due
to two charges. (Students who had only been taught the field vector technique

did almost as well or better.)

Students interpret field lines as only due to the charges on which they begin or
end.
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e Students then ignore the presence or effect of any charges not connected via a

field line to a location of interest.'3

e Students think that field doesn’t exist between field lines [rare)].
Flux:

e Students seem to confuse the idea of ‘net flux’ with that of ‘unit flux density.’

(This may be seen in some of the following.)

e Students feel that the area of a closed (or Gaussian) surface affects net flux

through surface: Specifically,

— larger area implies larger flux (in a case where the orientation of the area
with respect to the field is the same for both) since ® o A—neglecting

E = E(r); or,

— larger area implies less flux since less field through unit area [less common].

e Students feel that external charges affect the net flux through a closed (or

Gaussian) surface: Specifically,

— external charges (of the same or opposite sign) increase flux since more

field is present; or,

— external charges (of the same sign) decrease flux since some field cancels.

e Students feel that the locations of internal charges affect the net flux through

a closed (or Gaussian) surface [less common].
13Gince field lines do represent the net field due to all charges, this is not inherently wrong.
However, in practice, students seem to use the field line itself only to determine which charge is

affecting the location of interest and then apply Coulomb’s Law for that charge alone to determine
the net field strength, instead of interpreting the field line density shown.

103



e Students consider &5 through the volume or surface area of a solenoid, instead

of the cross-sectional area, in predicting and explaining induction effects.

— They do not realize that ®p through a closed surface (volume or total

surface area) is always zero.

— They do not realize that ®p through the curved surface area of a solenoid

does not contribute to induced emf or induced current in the solenoid.
e Students misapply or misinterpret Gauss’ Law:

— ®p through any two (not necessarily equal) ‘halves’ of a closed surface

must be equal since the charge enclosed is the same;

— ®p through any two (not necessarily equal) ‘halves’ of a closed surface

must be zero for both if there is no charge enclosed by the surface; and,

— ®p is always uniform over a Gaussian surface.

e Students ignore or incorrectly interpret the effect of the dot product in the

definition of flux—either quantitatively or qualitatively: they say that

— larger area implies larger flux (in a case where the orientation of the area

with respect to the field differs for the two surfaces) since & a A;
— closer to source (stronger field) implies larger flux since ® « B; or,
— if an area’s normal vector is at an angle to the field, then the flux is

necessarily smaller (by a factor of cos(#)) than another’s whose normal is

aligned with the field (§ = 0°). (This overlooks the relative sizes of areas.)

e Prior to instruction, the term “flux” is often thought of as “change,” “fluxuate
[sic],” or “flow.”
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Math: Further, students are observed to have difficulty applying several mathe-
matical concepts that are relevant to that of induction. Many of students’ difficulties
involving area and dot product are included above. In addition, students have diffi-

culty

e manipulating vectors: decomposing them into components or adding them to

determine resultants,

e distinguishing among symbols for specific numbers, universal constants, param-
eters, and dependent and independent variables—especially since many of these

are denoted by the same letters,
e interpreting and applying sign conventions,

e realizing when integration is necessary (when B is not uniform over A) to de-

termine flux,
e interpreting and applying rates of change, for example:

— the inability to conceive of a function as a relationship among variables

rather than the value of a variable at a specific time or location,
— the substitution of specific values prior to differentiating, or

— the inappropriate reliance on the letters used when learning a concept (the
zy syndrome), and

dcos(0)

— difficulty calculating derivatives involving a chain rule such as =

or

% in a physics context. (Examples in the context of induction will be

discussed in Section 4.4.4 and 4.4.5.)
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Additional difficulties with the interpretation and application of derivatives will be
discussed in Chapter 5.

The final component of students’ initial states is whether they are aware of the
phenomenon of induction and what ideas they apply to questions on induction prior

to learning about this topic. To summarize the former, at the beginning of the course:
e some students are aware of the phenomenon;
e some feel that a battery or power supply is necessary to produce current;
e some feel that a stationary magnet is sufficient to produce current; and

e specifically, some feel that a magnet connected as a battery would produce

current.

The most common ideas students initially used to answer questions on induction are

that
e emf is proportional to motion (e.g., linear or angular speed);
e emf is proportional to magnetic field;

e the Lorentz force can be applied. (Note this is sometimes true and was occa-
sionally interpreted correctly. However, more often it appeared to be applied
unsuccessfully—in vague ways, by neglecting the cross product, or by neglecting

the fact that there was no motion of charges.);
e emf is proportional to current present; and

e emf is proportional to change ‘in something.’
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CHAPTER 3

INSTRUCTIONAL MATERIALS

One of the main goals of physics education research is to improve students’ un-
derstanding of physics. Often this involves incorporating the results of systematic
research on students’ difficulties into instructional materials. During and after the
implementation of these materials, one can assess how well they help students learn,
and also further investigate students’ understanding. This information, in turn, can
be used to improve the effectiveness of the materials, in an iterative cycle. This chap-
ter will describe four sets of instructional materials that were developed as part of
such an iterative process in the context of magnetic induction. Students’ interactions

with and responses to these materials during instruction will also be discussed.

3.1 Initial Induction Laboratory — Guided Inquiry Version

Many qualitative demonstrations have been suggested to provide students with
visual and kinesthetic experiences related to electromagnetic induction. Ehrlich [51]
suggests perhaps the most basic demonstration—moving a magnet near a coil con-
nected to a galvanometer to show how the motion of the magnet (or coil) causes the
meter to deflect. He also suggests several other demonstrations including lighting a

bulb connected to a small coil of wire that is above—but not touching—another coil
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with alternating current; pumping a hanging coil with a magnet; damping a magnetic
pendulum by swinging it over a conductor; and slowing a magnet falling through a
long vertical conducting pipe. For the last, he suggests experiments to determine
the qualitative effect of varying parameters such as the weight of the magnet and
the diameter and resistivity of the conductor. His version suggests cutting out small
holes down the length of the pipe in order to allow observation of the magnet as it
falls. Nicklin et al [52] suggest putting a mirror at an angle beneath the pipe and
using a miniature video camera to record and view the magnet’s descent. Having an
identical magnet fall simultaneously through an adjacent non-conducting tube allows
for a direct comparison of the induction effect. Holmes [53] describes how moving
a magnet quickly away from a penny attracts the penny. In a letter to the editor
[54], Rossing mentions that a magnet can be seen to crawl very slowly down a steeply
inclined plane of aluminum. The most basic experiment is the movement of a magnet
near a loop of wire connected to a galvanometer. Students see how the motion of
the magnet deflects the meter, showing the creation of emf, and therefore current,
in the wire. Other demonstrations show effects such as the induced retarding force
on a magnet falling through a long metal cylinder. These types of demonstrations
are often used in lecture to introduce students to the phenomenon of electromagnetic
induction. While these effectively illustrate the perhaps surprising phenomenon, they
do not make the underlying physical mechanism obvious to many students.

For the regular calculus-based introductory physics course, students’ first experi-
ence with magnetic induction comes in the form of a laboratory—prior to any lecture

instruction. This enables students to individually interact with simple equipment
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similar to that used in these common demonstrations in order to develop a deeper
understanding of this phenomenon.

The first version of this laboratory was developed by Alan Van Heuvelen (in
1994). The materials were revised as part of this dissertation, after detailed analysis
of students’ behavior and written work with the original materials. The lab activities
guide students to construct a qualitative version of Faraday’s Law using experimental
evidence from simple equipment. They give students explicit practice connecting
multiple representations of the concepts involved. Finally, they challenge students
to apply their newly-developed understanding of induction to explain some table-top
experiments that illustrate induction and consider how they may be used in related

real-world applications. These lab materials are shown in Appendix A.

3.1.1 Develop and Qualitatively Test Faraday’s Law

The lab begins by having students perform several suggested simple experiments
involving a cow magnet, a coil of wire wound tightly around a cardboard tube, and a
galvanometer. Students record their observations. For example, what happens when
you move the North pole of the bar magnet toward the face of the coil from the front
(see Figure 3.1)? How about from the side? Next, students are asked to use their
observations to invent a qualitative rule for the conditions necessary to induce an
emf in the coil indicated by the galvanometer. Then they design at least two more
experiments to test their rule and revise it if necessary. The goal is for students to
determine that the rate of change of magnetic flux is the critical variable underlying
the concept of induction—that the more the magnetic field strength inside the loop
is changing, the more emf the galvanometer registers. A good rule statement might
be that ‘emf is induced by moving the magnet or coil so that the amount of magnetic
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field through the coil is changing. The amount of deflection is related to how quickly
the magnetic field is changing and the sign of the deflection is related to whether the

magnetic field through coil (in a particular direction) is increasing or decreasing.’

galvanometer

coil

=] L

bar magnet

Figure 3.1: One set of equipment students can use to explore the phenomenon of
magnetic induction.

Informal observation as an instructor in these labs suggested that students were
not very skilled in coordinating theories and evidence. For example, the rules that
students generated were often built around surface features of the experiments—
quite often around the relative motion between the magnet and coil—rather than any
underlying ideas of change in magnetic field through the cross-sectional area of the
coil. Their “rules” were often very complicated and specific—much like descriptions
of events—rather than simple, generalized statements. For example, students would
write rules like ‘if I move N toward coil, meter deflects left whereas if move N away,
meter deflects right....’

In addition, they would often ignore contradictory evidence. This has been seen
by others in other physics contexts. For example, students insist that batteries in
a simple circuit are sources of constant current even when students have measured
variations in current when adding branches in parallel. [55] Or, in the analysis of a
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simple circuit with a capacitor, students deny that any current would exist when a
switch is closed since the capacitor acts like a break in the circuit even though they
had seen the real experiment during their instruction. [24] This same phenomenon
occurred as students developed and tested their rules about induction in this initial
laboratory. For example, students were asked to move the magnet along the axis
perpendicular to the face of the coil, and compare the resulting deflection to the case
where the magnet is moved, at the same speed, parallel to the face of the coil. This
experiment demonstrates that induced emf is not always proportional to the speed of
the magnet. Yet many students did not incorporate this idea into their rule (unless
explicitly prompted by the instructor). Even during their opportunity to test and
revise their rule, students would often only design experiments that would support
their rule rather than contradict it. Whether this was due to lack of motivation
on their part or due to an inability to “think outside their rule” is not clear. In
practice, it meant that the instructor was required to prompt each group of students
to challenge and generalize their rules individually—which is fairly time consuming
for 5-10 groups of students working simultaneously.

Kuhn [23] described this effect, observed in non-physics contexts, as an inability
to separate theory from evidence. She notes that “when theory and evidence are
discrepant, subjects use a variety of devices to bring them into alignment: either
adjusting the theory—typically prior to acknowledging the evidence—or ‘adjusting’
the evidence by ignoring it or attending to it in a selective, distorting manner.” [p.
679.] She notes that younger children were more likely to do this to a greater degree,
although even college subjects exhibited the behavior on more complex problems.

Experts, in contrast, did not.
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To aid students in refining their general “motion” rules, the revised version of
the lab activities includes an extra set of equipment. (See Figure 3.2) It is a pair of
concentric solenoids, a battery, and a switch. One coil is connected in series to the
battery and switch—acting as a source of magnetic field when the circuit is closed.
The other is connected to the galvanometer. With one coil inside the other, if the
switch is opened or closed suddenly, the galvanometer deflects—even though neither
coil is in motion with respect to the other. Students were not explicitly told to
perform this experiment initially. However, if their rule still centered on motion when
they presented it to the instructor, the instructor would ask them to use their rule to
predict the outcome of this experiment and then ask them to set it up and observe
the result. The often-unexpected outcome of this experiment helps motivate students
to realize that a motion idea was not sufficient to explain the phenomenon.

Even after performing this experiment, relinquishing a “motion” idea is still not
trivial as some students search for some velocity to cause the effect, for example,
the motion of the electrons initially surging through the coil (before reaching some
steady-state current), or even the motion of the switch itself. This indiscriminate
interpretation of the relevant velocity is also observed in students’ use of the Lorentz
force idea. They do not always realize that the velocity in that equation is only the
velocity of charged particles moving within a magnetic field. They often have no
hesitation interpreting this ‘v’ as that of any charges regardless of whether they are
currently in a magnetic field or as the velocity of the magnetic field itself if it is the
magnet rather than the loop of wire that is in motion. In the latter case, it is good
that students seem to understand the idea of relative motion and the fundamental

equivalence of the situations of a moving magnet or a moving loop. However, they
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should learn to distinguish when the Lorentz force idea is an acceptable explanation

and when it is insufficient.

concentric solenoids

/ ))) - T : galvanometer

battery  switch

Figure 3.2: One set of equipment students can use to evaluate a hypothesis about
magnetic induction.

3.1.2 Connect Multiple Representations

After the group arrives at a reasonable qualitative rule, the instructor gives the
students the mathematical representation of induction—Faraday’s Law. Students are
then asked to relate each symbol in the equation (and in the mathematical definition
of magnetic flux) to verbal, pictorial, and/or physical representations of the concept
it represents, as well as to the actual equipment used in the lab to which it is related.
The purpose is to give students practice in translating among representations in order
to help students better understand the mathematical representation.

Interaction with and observation of students working on this section showed that
students often did not indicate or label the angle between the magnetic field and the

normal to the surface area when depicting the idea of flux through a loop. In fact, they
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often did not depict the normal vector at all. Most were not comfortable describing
the angle unless it was either zero or 180 degrees. Most students would indicate area
as the interior of a loop—often by shading it in. However, when asked what would
be the relevant area for an extended coil, some students responded that it would be
the surface area of the cylinder rather than the cross-sectional area, since that would
somehow take into account the entire coil. Finally, most students described At simply

as a time interval—without explicitly relating it to any specific change in flux.

3.1.3 Connect Real-World Experiments

Working with the equipment at their table, students are first asked to explain
how a hand-held generator is able to light a bulb. Most students are able to describe
that there must be “something changing flux” inside, such as a coil rotating near
a magnet or a magnet rotating near a coil. However, in their sketches, they often
did not specify the direction of rotation. This ambiguity allows for cases that would
not induce much current, such as when a magnet and coil, whose axes are aligned,
rotate about this axis. Unfortunately, the hand-held generators used in the lab do
not actually allow students to see what is happening in the heart of the generator.
Therefore, a transparent flashlight that is lit by a rotating magnet is also available to
test students explanations. Once they understand this effect, students are asked to
apply the idea to consider how generators in power plants might work.

The second experiment involves a cow magnet hanging vertically from a spring.
Students first explore how the magnet can be made to oscillate without touching it,
using a hollow metal cylinder. They are then asked to consider how this effect is put

to use in a seismometer.
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Third, students explore how the vibration of a speaker cone can produce an al-
ternating voltage. They then consider how this is similar to the way in which a
microphone works.

Fourth, they are asked to explain why a magnet falls slowly through a long metal
cylinder—a demonstration, among others, that is shown at the beginning of the lab
session. Students now can perform it for themselves and consider variations. For
example, what if the magnet was dropped through in a reverse orientation-South
pole first instead of North? This question was included because we observed a num-
ber of students predict that, in this case, the induction effect would accelerate the
magnet since the poles had been reversed. They applied a previous analysis of the
retarding force on the magnet due to the induced emf and its induced current and
only accounted for the new surface features of this situation rather than re-thinking
the whole effect from its underlying change in flux idea.

Finally, students are given a few other qualitative puzzles to challenge them to
apply their understanding of induction in other applications. In addition to giving
students repeated practice with the ideas related to induction, these activities show
them that the phenomenon of induction is fundamental to many applications in their
lives.

3.2 Initial Induction Laboratory — Competing Hypotheses
Version

The idea of having students invent a qualitative version of Faraday’s Law from
experimental evidence seems very valuable for students. However, as described above,
student-generated rules focused heavily on motion—of either the magnet, the coil, or
both—which “works” in many situations, but is not sufficiently general to serve as a
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basis for all examples of induction. Even when students were prompted to test and
refine their rule, they did not seem very successful—whether from lack of ability or
motivation. To improve this situation, a second version of the lab was developed. It
requires students to evaluate competing hypotheses.!* These lab materials are shown
in Appendix B.

Using the same two sets of equipment as before, students first explore for them-
selves what situations seem to cause a deflection of the meter. Then they are given

three possible explanations for this effect !°:

1. The amount of induced potential difference (emf) is proportional to the relative

speed between the source of the magnetic field and the test coil.

2. The amount of induced potential difference (emf) is proportional to the amount
of magnetic flux through the test coil. (Magnetic flux is a measure of the total
amount of magnetic field strength that cuts perpendicular through the face of

the coil.)

3. The amount of induced potential difference (emf) is proportional to the rate of

change of the magnetic flux through the test coil.

The first two hypotheses are based on the most common student difficulties seen
previously. The third is a qualitative statement of Faraday’s law. Students are asked
to design experiments to support and contradict each hypothesis, if possible, in order
to determine which hypothesis best explains the phenomenon—that is, the one that

14This strategy is utilized in some aspects of the Modelling Project designed by Hestenes.[57]

15Tt might be best if the students themselves generated the hypotheses, perhaps as a class, and
then evaluated them. However, given the time limitations of the lab, it was decided that it would
be too difficult to facilitate this.
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cannot be contradicted. Once students choose a hypothesis, the instructor asks the
group to summarize the evidence that contradicts the other two hypotheses and how
the chosen hypothesis is able to account for these observations. Then the rest of the
lab activities proceed as described in the first version.

There are many possible experiments students might do to contradict the first
two hypotheses. Perhaps the most convincing contradiction to the first hypothesis
is closing (or opening) the switch in Figure 3.2. One sees a small yet reproducible
deflection on the galvanometer indicating an induced emf, even though both the source
of magnetic field and “pick-up coil” are at rest. To contradict the second hypothesis,
one can observe that the meter does not deflect when the magnet is stationary at
different distances from the pick up coil, or when the switch has been closed for some
time. This shows that there is no induced emf even when there is magnetic flux
through the loop. Students can then consider how the third hypothesis is able to
account for these and all other experimental results.

Overall, this version seemed relatively successful at stimulating discussions about
change in flux and the difference between this, flux, and motion ideas. Informal
observations as an instructor in the lab suggested that students had some difficulty
understanding the wording of the second and third hypotheses. Students had previ-
ously learned about electric flux early in the quarter, but had not yet been introduced
to magnetic flux. This concept often warranted extra discussion with the laboratory
instructor. In fact, it seemed somewhat common for students to interpret the term
“flux” as a change in the magnetic field or as a flow of field through the loop, as men-
tioned in Section 2.2. Students also had trouble differentiating the ideas of changing

magnetic field versus changing magnetic flux. As suggested by one lab instructor, it
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might be useful to have equipment (or a simulation) that would allow students to
investigate a change in the area inside the (uniform and constant) magnetic field to
assist them in experimentally distinguishing these two ideas. As for the third hypoth-
esis, some had trouble interpreting “change in flux over time” or “rate of change of
flux” at all. A number of students also explicitly expressed confusion about the dif-
ference between what was meant by Hypothesis #1 and #3—and sometimes between
#2 and #3. In fact, the quantities in each hypothesis are related to each other, and
yet they have important distinctions. As will be discussed in Section 5.1, students
have trouble distinguishing among related concepts in a number of physics concepts.
(c.f. [7], [58], [59], and [8].) Having students explicitly distinguish the differences
between the related quantities in this context may be very important practice in im-
proving this skill in general, as well as improving their understanding of Faraday’s
law specifically.

The rest of the lab activities were identical to those of the guided-inquiry version.
Students connected the symbols in the mathematical representation of Faraday’s Law
and the definition of magnetic flux to the actual equipment they had used and to
other verbal, pictorial, and physical representations of the concepts involved. They
then used their qualitative rule of Faraday’s Law to explain new experiments they

performed and describe how these relate to real-world applications.

3.3 Advanced Estimation/Prediction Laboratory

The literature shows several experiments that provide quantitative exploration of
magnetic induction. Nicklin [60] proposes a set of quantitative laboratory activities

involving a magnet dropped through a vertical conducting cylinder. Sawicki [61]
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proposes a plastic tube with only bands of copper tubing be used so that the magnet
is visible most of the time the magnet is falling. The magnet is seen to have a much
lower velocity each time it emerges from the bottom of one of the copper segments.
He presents several quantitative aspects to this experiment involving a computer-
interfaced photogate as well. Ehrlich [62] describes another experiment in which
students can use Faraday’s Law to estimate how quickly a magnet would need to
be moved away from a coil of wire in order to light an LED connected to the coil.
Sawicki [63] describes an experiment in which students can manipulate a magnet
inside a cylindrical conductor—using force probes to show the force necessary to
pull the magnet through at various speeds. Cadwell [64] describes a an experiment
involving magnetic damping of an aluminum plate moving horizontally through a
magnetic field on an air track. Wiederick et al [65] describe a quantitative analysis
of the magnetic braking of a thin metal strip moving through a magnetic field. They
compare this theory to the approximately similar experimental results of a circular
disk spinning in a magnetic field. Henry [66] describes the use of clamp-on ammeters
to allow students to determine the number of turns of wire in induction experiments
involving sinusoidal fields instead of having to be told this number by the instructor.
MacLatchy et al [67] describe an experiment that uses a coil of wire connected to a
digital storage oscilloscope to measure the induced potential difference as a function
of time as a small magnet falls downward through a copper pipe. This data can then
be used to calculate the magnitude of the retarding magnetic force on the falling
magnet, and then its terminal velocity. Another example [68] is that of a bar magnet

moving at constant velocity through a coil of wire on an air track. A digital storage
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oscilloscope or computer plots the induced potential difference as a function of time.
This data is then compared to a theoretical model.

The set of laboratory activities '® described in this section (and shown in Ap-
pendix C) was developed for students to apply and improve their understanding of
magnetic induction after some instruction. The main experiment consists of a cow
magnet, attached to a toy car, rolling down an inclined track and through an ex-
tended solenoid. A computer with a voltage-detecting interface is connected across
the solenoid to display the induced potential difference as a function of time as the
car passes through the coil. This experiment shares some of the features of the other
quantitative induction experiments. For example, it provides students with a very

f17. However, this set of

dynamic interactive graphical representation of induced em
activities has a different emphasis than the others. It was designed to incorporate both
qualitative and quantitative analysis of electromagnetic induction. It was designed to
more actively engage students by repeatedly requiring them to predict results before
performing experiments. Its quantitative activities are also in a different spirit in that
they require students to plan a solution to a multi-part problem. This encourages
students to tackle such issues as deciding which measurements are needed, how those
measurements might best be obtained, and what assumptions and approximations are
reasonable. Further lab activities ask students to make both qualitative and quan-
titative predictions, to design their own experiments to study the effect of varying
experimental parameters, and to work with multiple representations of magnetic field,
current, and emf.

16The activities can also be used as an interactive lecture demonstration.

17 Although graphical representations are perhaps the most difficult representations for students
to decipher and relate to other representations. This will be discussed in Section 6.1.2.
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The lab activities will be described in detail in the next section. The educational
intentions of each activity will also be discussed. In Section 3.3.2, the experimental
observations will be shown and the relevant physics described. These lab activities are
very successful at eliciting the diversity of students’ ideas, as well as common student
difficulties with the concept of electromagnetic induction. Responses of students from

the Autumn quarters of 1998 and 1999 will be presented in Section 3.3.3.

3.3.1 Activities

As shown in Figure 3.3, a 0.08 m-long cow magnet is taped to a Hot Wheels™™ car
that travels down an inclined track, and then through an air core solenoid (0.06 m
diameter, 550 turns [69]). A computer with a Multi-Purpose Lab Interface (MPLI)
[70] and a voltage probe serve as a digital oscilloscope. It displays the potential
difference induced between the two ends of the solenoid as a function of time as the

magnet passes through the solenoid.

A qualitative prediction

Students are first asked to predict the qualitative shape of the graph of induced
potential difference versus time seen on the computer as the car passes through the
solenoid. They are asked to explain their reasoning, using diagrams where helpful.
This activity challenges students to think about this situation qualitatively. For
example, will there be an induced potential difference? If so, what causes it? How
will it change as the magnet moves through? Asking them to work with verbal,
pictorial, and graphical representations gives them practice with each representation,
as well as building links between these different ways of representing the process.

This initial individual prediction also makes the students intellectually commit to an
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Computer as digital oscilloscope
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connecting wires

Figure 3.3: Lab apparatus. A cow magnet, taped to a toy car, is released from rest
down an incline and through a solenoid. Data from a voltage probe connected across
the solenoid is sent to a computer for display.

idea before seeing the answer. Making the students exhibit their thinking helps both
the students and the instructor realize when more instruction is necessary. When the
students test their predictions, they see if their understanding was sufficient. If it was
not, they have reason to try to resolve the discrepancy.'® The predict-observe-resolve
cycle (c.f. [5] and [25]) is repeated throughout all of the activities in this lab. This
method is thought to more actively engage students. It gives students more interest
in the outcome. If the students thoroughly understand the material, the outcome
will build their confidence. If the students have inaccurate or incomplete ideas, the
outcome will confront them with experimental evidence. If the experiment produces

18K uhn [23] describes how people can sometimes spontaneously change their theory without even
realizing it, when confronted with contradictory evidence. Having written initial predictions allows
students to review their learning process.
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results contrary to their common predictions and beliefs, then students’ holding these
ideas are forced to deal with them explicitly.

After the students have made their graphical predictions, they observe the exper-
imental result for comparison. Students are often extremely curious to know if they

are correct.

An order-of-magnitude estimate

Next, students are asked to estimate the order of magnitude of the maximum po-
tential difference that will be induced. This is the heart of the “Experiment Problem.”
[71] Experiment Problem activities are designed to give students practice with com-
plex problem-solving skills such as breaking a multi-part problem into sub-problems,
making simplifying assumptions and approximations, choosing concepts and quanti-
ties that are useful for solving the problem, designing necessary measurements, doing
quantitative calculations, and finally, evaluating the reasonableness of the result.

Students are given the goal statement and are provided with any experimental
equipment that might be necessary to complete the task. (They are even provided
with additional, unnecessary equipment.) They are asked to state any assumptions
or approximations they choose to make as they go in order to simplify the problem
and make it more tractable. They are not guided sequentially through the solution.
Instead, they are first asked to individually plan their approach in words and consider
what variables are relevant to the problem. Second, they work in groups of three or
four to collaborate on a solution. This gives them peer feedback on their ideas as
well as an opportunity to verbalize their understanding. Third, students make any

measurements needed to complete their estimate. Finally, they test their result by
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performing the experiment. Recall that the students have previously seen the graph-
ical answer on a computer at the front of the classroom, which did have quantitative
values on the axes. However, since students’ attention was focused on the qualitative
shape of the graph, it seems not to influence their numerical calculations.

In order to simplify the calculation, students can make the following approxima-
tions. The dot product in the magnetic flux integral picks out the component of the
magnetic field parallel to the area vector of each loop of the coil. Students can assume
that this component of magnetic field is uniform across the whole cross-sectional area
of each loop. They can also treat the decrease in field strength along the axis of the
magnet in the forward direction (%2), as constant. (In other words, averaging over a
small yet finite interval of time or space by calculating ﬁ—f closely approximates the
instantaneous rate of change.) They can neglect friction as the car moves along the
track. They can also neglect the electromagnetic retarding force as the car moves
through the solenoid. (In this experiment, this damping turns out to be very small.)
Finally, they can assume that the induced current is small so that the potential differ-
ence displayed by the computer is approximately equal to the emf that they calculate
using Faraday’s Law.

Students must decide that the cross-sectional area of the solenoid, rather than its
volume or surface area, is relevant and then measure the radius in order to calculate
this area. They must decide to measure either the change in elevation of the car (and
use conservation of energy) or the time it takes the car to reach the bottom of the

incline (and use Newton’s laws) to determine the velocity of the car as it enters the

solenoid. A number of students choose to measure the mass of the magnet and car,
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only to realize later that it is not necessary. Students can determine which pole of
the cow magnet is at the front of the car by using a compass '°.

Students are given a diagram showing the magnetic field strength of the cow
magnet at a series of points along its axis. This allows them to estimate the change in
magnetic field as the car enters the solenoid. The magnetic field decreases from about
0.04 Tesla next to the magnet to nearly zero about one magnet’s length away. They
are also given the number of turns in the solenoid, but must decide for themselves
whether all 550 turns should be included in their calculation. In fact, since the
magnetic field strength falls of significantly in one magnet-length and the coil is
about twice as long as the magnet, not all of the loops contribute to the maximum
potential difference. % would be a reasonable estimate. Even with all of the above
approximations, the calculated estimate is usually within about a factor of four from
the observed value (e.g., an estimate of 1.7 V compared to an observed value of 0.6
V when the car is released from an initial height of 0.5 m).

After the students have performed the experiment and checked their observations
against their predictions, they are asked to carefully consider each assumption that
they made in their estimate and whether it would tend to push their estimate toward
or away from the observed value. For example, including friction between the track
and car would decrease the estimated velocity of the magnet entering the solenoid.

9To be especially complete or to challenge the stronger students, students could also use a battery
to determine which of the voltage probe’s leads should be placed at a higher potential to produce
a positive value of potential difference. In practice, due to the limited time of the lab, we used
magking tape to tell students which end of the magnet was North and we carefully connected the
voltage probe leads prior to the beginning of the lab so that the initial experiment would produce a
positive peak as the magnet entered the solenoid.
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This, in turn, would decrease the estimate of the maximum induced potential differ-
ence, bringing it closer to the observed value. Correcting for the other approximations

mentioned above also lowers the estimate toward the observed value.

More qualitative and semi-quantitative predictions

This experiment problem easily provides many additional learning opportunities
for students. For example, students can now vary different experimental parameters
and predict and observe their effects on the height, width, and separation of the
peaks of the graph of induced emf. Examples of these parameters are the magnet
orientation, the initial release height of the car, or the length of the solenoid. Or,
what if the magnet was stationary inside the solenoid? Time permitting, students can
be encouraged to perform experiments of their own design to test the effect of other
experimental variations on the shape and magnitude of the induced emf as a function
of time. As always, students are asked to make predictions before they perform the
experiments. These activities give students practice with qualitative reasoning. They
also give students more practice reasoning with multiple representations.

Each of these activities also has a specific educational purpose related to electro-
magnetic induction. Reversing the orientation of the magnet shows that the direction
of the magnetic field affects the sign of the observed emf but not its magnitude. Ask-
ing about a stationary magnet reinforces the idea that the presence of a magnetic flux
is necessary but not sufficient to induce emf—a changing magnetic flux is required.
Asking about releasing the car from half its original height further reinforces the
qualitative idea that the rate of change of magnetic flux is what affects the magni-
tude of induced emf. This latter experiment relies on previous mechanics instruction
with their estimation calculation to make a more quantitative prediction that the
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induced emf will decrease by a factor of 5 rather than by ;. Varying the length of
the solenoid, by attaching a second solenoid in series, asks students to extend their
previous assumption about the relevant number of turns that affect the magnitude of
the induced potential difference. It reinforces the idea that the “N” in the textbook
formula for Faraday’s Law does not just mean “plug in the total number of turns.”
In fact, one could use this opportunity to ask students “How would I have to modify
this equipment in order for it to be correct to use the total number of turns in my
calculation?” The answer is that all of the turns would have to be wound in the same
plane, rather than extended, and have the same radius.

A double solenoid activity provides students that have good conceptual under-
standing an opportunity to account for an unexpected phenomenon. This is because
the insulated ends of each solenoid cause small unexpected peaks in the graph as
the magnet goes through the “center.” Students can use this opportunity to explain
this feature in terms of the basic “change in flux” idea. Finally, allowing students
to design their own experiments to test other variables and situations of their choice
encourages students to pursue their own interests while developing their conceptual
understanding. Further, it gives them practice with designing experiments using the
idea that they must control other variables. Also, because they must sketch their
physical set-up as well as make graphical predictions and observations, and use di-
agrams in their explanations, this activity gives them practice connecting physical
situations to multiple representations.

In the future, we would revise the lab manual for these activities to reflect these
underlying educational intentions more explicitly. That is, similar to the initial in-

duction lab activities, one could pose each of these mini-experiments as a challenge
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to students to design an experiment to determine the effect of varying each specific
parameter (with predictions of the effects prior to performance of the experiments

still required).
“Jeopardy” graphs

Finally, students can be given induced potential difference versus time graphs and
asked to sketch physical situations that may have been used to generate the graphs.
Afterwards, they can again test their predictions by setting up their proposed sit-
uation and observing the graph it produces. This gives students the experience of
reasoning “backwards” both in terms of conceptual understanding and the representa-
tions involved. The use of problems that require students to translate among multiple
representations of a concept in non-traditional directions in order to strengthen their
functional understanding has been proposed by Van Heuvelen and Maloney. [72]
Arons suggests this type of question—reversing traditional lines of thought—among
many others that broaden students reasoning about concepts. [73] The Jeopardy
activity here also has the practical purpose of alleviating some of the monotony of
the ‘predict graph, observe experiment’ routine. Finally, it encourages creativity and
discussion since there are often more than one correct answer for each graph.

The graph shown in Figure 3.4 (a) is the first Jeopardy activity for the students.
It is somewhat simpler than the other, and so gives them practice with the Jeopardy-
style activity. It is also specifically intended to confront the initial prediction that
many students make for the first activity. As described in the next section, 54%
of the students (121 out of 225 in Autumn quarter 1999) predicted a single peak
in their initial graph. In essence, this Jeopardy activity asks students to explicitly
consider the question: “What physical situation(s) would produce a graph with only
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one positive peak?” The graph shown in Figure 3.4 (b) is meant to be more of a
puzzle, that challenges students to apply all of what they have learned. The reader is

encouraged to make one or more predictions for each of these before reading Section
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Figure 3.4: Jeopardy Graph activities. Students are asked to predict a physical
situation that would produce these graphs of induced potential difference versus time.

3.3.2 Experimental Observations

We will now describe what is actually observed in performing these experiments

and discuss ways to use multiple representations to describe the physics involved.
The initial graph

Figure 3.5 (a) shows the graphical output from the computer when the car with

cow magnet is released from an initial height of 0.5 m, with the North pole of the
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magnet facing forward and the voltage probe leads connected such that counter-
clockwise current corresponds to a positive emf across the probe. Two peaks in
potential difference are seen—one positive and one negative. Figure 3.5 (b) shows a
pictorial representation of the magnet at various positions relative to the solenoid,
to help analyze why this occurs. The physical representations of magnetic field lines
and induced current vectors are also shown. A verbal description could be as follows.
As the magnet approaches from the left, the magnetic flux to the right through the
loops of the solenoid, increases. Because of this, an emf is induced, which generates
an induced current in the solenoid that, in turn, induces a magnetic field toward the
left to oppose this increase in flux toward the right. Therefore, there is a potential
difference between the two ends of the solenoid as the magnet enters. This potential
difference will be positive if the ‘common’ lead of the computer is connected to the
end of the solenoid to which the current is flowing.

As the magnet moves through the solenoid, the loops in front of it still try to
oppose the increase in flux to the right with a current in the direction shown. However,
the loops behind the magnet are experiencing a decrease in flux to the right as the
South end moves away. Therefore these loops try to induce a current in the opposite
direction. This reduces the net induced potential difference across the solenoid. As
the magnet passes through the center, there are an equal number of loops in front
and behind, and the two effects cancel leaving zero net induced potential difference
across the solenoid.

Finally, as the magnet leaves, there are more loops behind it inducing an emf
and current in the direction opposite to that when it entered—trying to oppose the

decrease in flux to the right as the South end moves away, creating the negative peak
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on the graph. Students are encouraged to create these pictorial, physical, and verbal
representations, and then coordinate them along with the graphical one to explain
the phenomenon that they are observing.

This graph is the same as that seen in the experiment described by Manzanares
et al [68] for a magnet given an initial speed on a horizontal track. In fact, it may be
useful to ask students to predict the graph for this case (and then do the experiment)
since several students explained that the acceleration of the car down the incline was
what caused the single peak of their initial graphical prediction. As discussed in
Section 3.3.3, some students think that emf is always proportional to the velocity of

the magnet.

Maximum induced potential difference

As mentioned earlier, for a release height of 0.5 m, the observed peak induced
potential difference is about 0.6 V. This can be seen from the graph in Figure 3.5 (a).
It agrees with the quantitative estimate within about a factor of four. Adjusting for
some of the assumptions discussed earlier (such as including the effect of friction and
including fewer loops) leaves the calculated estimate in reasonable agreement with

the observed value.

Effects of varying parameters

Figure 3.6 (a)-(d) summarizes the results of varying certain experimental param-
eters. Details of the physics for each case are described briefly below.

When the magnet is reversed, by releasing the car backward down the track, it now
has its South pole in the forward direction. As it approaches the solenoid, the loops

nearest the magnet experience an increase in flux to the left (away from the solenoid)
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emf (V)

Figure 3.5: (a) Graphical output of induced potential difference versus time displayed
on the computer for magnet travelling through a solenoid. (b) Pictorial representa-
tions of the solenoid and magnet, along with physical representations of the magnetic
field and induced currents, used to explain the shape of the graph.
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Figure 3.6: Graphical output of induced potential difference versus time displayed on

the computer for the rest of the lab activities.
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rather than to the right (toward the solenoid) as before. To oppose this increase,
current is induced in the solenoid whose magnetic field is to the right. The graph
now has a negative peak first. Its magnitude is the same as before since the magnet
is moving at the same speed as before and therefore the rate of change of flux is the
same as before when the magnet enters the solenoid. Similarly, the induced potential
still goes through zero as the magnet moves through the center of the solenoid. It
now has a positive peak as the magnet exits, since there is a decreasing flux to the
left as the magnet leaves.

When the magnet is stationary inside the solenoid, there is no induced potential
difference because there is no change in magnetic flux through the loops. Students
were asked to predict what would happen when the car is stationary at the center of
the solenoid. But in fact, one can ask about any point since there is nothing special
about the center point in this case. As will be mentioned in the discussion of students’
responses in the following section, it may be better to ask about the point where the
car is half in and half out of the coil.

When the car is given less initial potential energy, its kinetic energy (and therefore
its speed) is lower as it enters the solenoid. As students saw in their estimate, the peak
induced potential difference is proportional to the velocity of the magnet as it enters,
since this generates the change in magnetic flux through the loops. If the speed of the
magnet is lower, the peak value of induced emf is also lower. In addition, the width
of the peaks will increase since the magnet takes longer to move through the solenoid.
In recalling their previous instruction on conservation of energy, students can be a
little more quantitative about this and predict that the peak emf will decrease by a

factor of /2.
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Next, the students were asked to predict the effect of varying the length (and
proportionally, the number of turns) of the solenoid. Since this is difficult to do
in practice, it was approximated by connecting two solenoids in series. If this were
just one long solenoid with twice the number of turns, and correspondingly twice the
length, one would expect to see the same two peaks of induced potential difference
but now separated by more time. The first peak is the same magnitude and width
as before since the magnet is travelling at the same speed. The additional turns in
the solenoid are too far away to feel a change in flux and therefore to contribute
much to the first peak. Similarly, the second peak should be relatively unchanged.
But the induced potential difference should be zero for the majority of the time
that the magnet is moving through the longer solenoid due to the cancellation of
effects described previously. In fact, Figure 3.6 (d) shows the graph that was actually
observed. There are two additional smaller peaks in the middle. These are due to
the insulating material at the ends of each of the two solenoids. In fact, when pushed
together as close as possible, the coils themselves are still separated by about two
centimeters of insulating material. So the graph shows how the magnet starts to exit
the first solenoid before it enters the coils of the second. The uneven number of coils
in front and behind the magnet as it passes through the insulators leads to a non-zero
net induced potential difference across the solenoid, causing the two additional small

peaks in the graph.

3.3.3 Students’ Responses to Activities

After a preliminary trial in half of the lab sections in the Spring quarter 1998,
this lab has been implemented in all sections of the main calculus-based introductory

physics course at Ohio State University since the Autumn 1998 quarter. This lab
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occurs during the last week of class each quarter.?’ Students are asked to make the
initial graphical prediction and an initial plan of a solution to the estimation problem
individually. After this, students are encouraged to make individual predictions, but
are allowed to work with other lab students (in informal, self-selected groups of 2-
5). The following describes Autumn 1998 students’ written lab work (N = 91). In
addition, students in the Autumn 1999 quarter, students were asked on a lab pre-test
to give their initial graphical prediction, with explanation (N = 225). This was to
ensure that students would take it more seriously and would work individually. They
were given credit as long as they made a reasonable effort, regardless of whether they
got the answer correct. Students’ answers on this lab pre-test were comparable to the

previous Autumn 1998 data.

Students’ initial graphical predictions

Many diverse ideas were seen in the students’ initial graphical predictions. The
set in Figure 3.7 (a)-(f) shows the most representative features. In reading students’
explanations for their predictions, several common themes emerged. Among them
were the correct idea that induced emf is proportional to the change in magnetic flux,
as well as some incorrect ones focusing on the amount of field or flux present. The
idea of motion occurs in multiple ways—for example, that emf is proportional to the
velocity of a conducting loop, or to the velocity of the ‘moving magnetic field.” While
these motion ideas may be correct in some ways in some contexts, students applying
them here tend to produce incorrect graphs.

“emf is proportional to change in flux or field”

20Gince students are usually allowed to drop one lab’s ‘grade’ from their quarter’s total, a number
of students choose not to attend this final lab.
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Figure 3.7: Representative student responses (re-created on the computer) for initial
graphical prediction of induced potential difference as a function of time as the magnet
travels through the solenoid. (a) Two qualitatively correct peaks, although often
drawn like a sharp discontinuity at or very near the center of the solenoid. (b) Two
positive peaks of some kind—again sometimes drawn with sharp points. (c) One peak,
either as the car entered the solenoid or while it was moving through the center. (d)
One flat ‘peak.” (e) Graph increases as magnet approaches solenoid and then remains
constant inside. (f) Graph increases while magnet moves through solenoid and then
remains constant afterward
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A number of students did indicate in their explanations that they were considering
a change in flux or magnetic field when drawing their graph. On the Autumn 1999
pre-test, 74 out of the 225 students (33 %) mentioned something related to the idea
of change—whether of flux or magnetic field or even area. Of these, fifteen students
drew the correct graph shown in Figure 3.7 (a), while thirty-four drew both peaks
positive, as shown in Figure 3.7 (b). The latter may just not have thought through
the question carefully or may not have a good understanding of what the sign of
the emf represents physically. As with flux, the interpretation of the sign of a scalar
quantity can be confusing to students since it is not supposed to have a “direction”
like a vector quantity, even though in a way it implies an associated direction. Here,
the sign of flux represents the direction of the field through the area and the sign of
emf tells you which direction it would cause current to flow.

It should be noted that there were sixteen sections of this lab, each with about
twenty students, spread Monday through Thursday. The data shows that more stu-
dents predicted the correct graph with the correct explanation as the week progressed.
This may reflect two contributing factors: that students are learning from the related
lecture and recitation, or that they might be hearing about the pretest from friends in
the earlier lab sections. Since the lab pretests are worth a very small portion of their
grade and since they are only graded for participation, not correctness, the observed
effect is hopefully due to student learning.

Twenty-one of the students used a ‘change in flux or field’ idea to explain graphs
like those in Figure 3.7 (c) and (d) and four used it to explain Figure 3.7 (f). These
students at least were thinking of the relevant variable, and realized there would be

an interaction as the magnet approached the solenoid. However, they mistakenly felt
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that the emf would continue to be induced during the whole time the magnet was
inside the coil. They are focused on the relevant variable, but need to learn to apply
it correctly.

“emf is proportional to B”

Some students described the shape of their predicted emf vs. time graph as related
to the strength of the magnetic field—rather than the change in field strength. This
idea may be very satisfying on a fundamental level—for example, a ‘more is more’ idea
as described in Section 5.5. Figure 3.7 (c) corresponds to a prediction that magnetic
field strength, and therefore emf, would peak as the car moves through the center of
the solenoid. On the Autumn 1999 pre-test, 30 students had this type of graph and
explanation. A couple of students used a field-based explanation to predict a graph
like those in Figure 3.7 (a) and (b) corresponding to the idea that the magnetic field,
and hence the emf, would be zero at the center due to some sort of cancellation of
the poles. (This may also appeal to a vague notion of symmetry.) Note that in the
case of Figure 3.7 (a), the shape of this prediction is qualitatively correct, but the
explanation is not.

“emf is proportional to ®”

Some students described their graphical predictions of emf as related to the
amount of flux through the solenoid as a function of time. While this idea is very
similar to the previous one, we classified it separately since it reflects a slightly more
sophisticated understanding. Again this idea was used to explain graphs like those
in Figure 3.7 (a)-(d). For Figure 3.7 (c), the students feel the flux, and therefore the
emf, will peak when the car is at the center of the solenoid. For Figure 3.7 (d), the

students feel that the flux will be constant while the car moves through the solenoid
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since as the car moves, it “leaves some and affects others, causing a constant voltage.”
On the Autumn 1999 pre-test, 13 students gave these types of explanations for their
graphs.

Finally, six students drew graphs like those in Figures 3.7 (a) and (b) indicating
that the flux will go to zero when the car is at the center “because the same amount
of B is entering as leaving.” There are two different incorrect thoughts that lead to
this type of explanation: that the flux through the volume of the solenoid is zero, or
that the flux of the North pole through the face of the cylinder near it is cancelled
by the flux of the South pole through the other face. It is true that the flux through
the volume of the solenoid is zero when the magnet is at the center, as this student
described. However, by this same logic, the flux is zero the whole time that the
magnet is inside the solenoid #'. But emf is related to (changes in) flux through
the cross-sectional area of each loop—mnot the cylindrical volume or the surface area
of the solenoid. The issue of students using volumes in the context of induction
was mentioned in Section 2.1.4. This misinterpretation of the relevant flux may be
partially due to the fact that when students initially learn about electric flux in the
context of Gauss’ Law, all of their practice is with flux through a closed surface area.
Then magnetic flux is taught as analogous to electric flux. The subtle difference in
what is meant by “area” in each case may not be sufficiently emphasized. Similarly,
since the field lines associated with magnetic poles are taught as analogous to those
due to positive and negative charges, students may tend to think of North and South
poles as having cancelling effects in general. However, the cancellation of the flux
from opposite poles through the two faces of the surface area of the cylinder is not

2lIn fact, magnetic flux through a closed surface is always zero since there are no magnetic
monopoles.
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relevant. In this context, it is more useful to consider the normal as pointing in
the same direction with respect to each subsequent cross-sectional area, rather than
outward from both faces of the cylinder. In this case, the flux due to both poles of
the magnets through each loop add instead of cancelling. Instead, the cancellation of
the change in flux (causing the graph to go through zero at the center) comes from
the fact that each pole is entering some loops while exiting others.

So, through two mistaken ideas—emf proportional to flux rather than change in
flux and a misinterpretation of the relevant area for flux—these students actually pre-
dicted the qualitatively correct graph. In fact, many students who initially predicted
a one-peak graph based on flux constructed this reasoning (including the more vague
‘cancellation of opposite poles at the center’ idea mentioned above) to describe the
observed graph when trying to reconcile their understanding with their observations.
This is what prompted the inclusion of the multiple representation analysis shown in
Figure 3.5 (b) in order to emphasize an explanation in terms of changes in flux.

“emf is proportional to motion”

Some students described emf as being proportional to the car’s velocity as it moved
through the solenoid. As they would see afterward in their estimation calculation, the
peak induced potential difference is proportional to the velocity of the car as it enters
the solenoid. However, emf is not proportional to velocity once the car is completely
inside. Some students felt that the car’s velocity would peak when the car was at
the center and some felt that it would peak as the car first entered since after that
acceleration was zero but friction would slow the car. On the Autumn 1999 pre-test,
10 students used these explanations for a one-peaked graph like that in Figure 3.7

(c). Three other students felt the velocity would be constant while the car was inside
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and drew graphs like that in Figure 3.7 (f). It is possible that some of these students
were applying a specific piece of knowledge, which is correct in some circumstances,
but not generally appropriate. [24] For example, one student explicitly wrote the
equation € = BLwv in his explanation. This equation is derived in lecture for the
case of a bar (or the fourth side of a rectangular loop) moving with constant velocity
through a uniform magnetic field. Since this is consistent with an ‘impetus as cause’
idea—similar to associating a force with the direction of velocity in mechanics—it
may be fundamentally appealing to students who then apply it as true in all cases.
The fact that most problems students are given in class and on homework do have
emf proportional to velocity may accidentally reinforce this idea unless it is brought
to students’ attention with a few carefully chosen cases in which it is not true.

Nine of the students on the Autumn 1999 pre-test used combined ideas of field
and motion in their explanations (of a graphs like Figures 3.7 (c) and (d)). Some
explicitly stated the need for a “moving magnetic field.” Again this idea itself may
be a useful one. The field itself is not flowing in the sense that water does. However,
its strength is changing progressively as the magnet moves and in fact, the motion
of the magnet is causing the flux through the solenoid to change. But this idea is
applied inappropriately here to generate an incorrect answer. These students may
close to separating the two ideas of “motion” and “change in flux” —using the former
to help them think about the latter.

“emf is not transient”

A few students drew graphs that did not fall to zero as time went on. Sev-
eral related descriptions implied that the induced emf was not transient. Figure 3.7

(e) shows a graph in which emf is accumulated while the magnet moves inside the
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solenoid, but then levels off after the magnet exits, since “it is no longer interacting
with the solenoid.” The explanation for Figure 3.7 (f) combines this idea with the
idea that emf is proportional to motion. The emf is predicted to accumulate as the
magnet approaches the solenoid and then remain constant once inside since the ve-
locity of the magnet is constant. The graph then shows the emf remains even after

the magnet has left the solenoid.

Students’ estimates for maximum induced potential difference

Most students calculated reasonable estimates for the maximum induced potential
difference. The magnitudes of the majority of the estimates were usually around 3
V. This is only off by about a factor of four from the observed value. Adding friction
to their analysis would bring them closer to the observed value, as would recognition
that not all 550 loops in the solenoid are really contributing to the peak. The latter
alone would lower their estimates by about a factor of two. It should be noted that the
students’ success with this difficult problem is not independent of their interactions
with the lab instructors. When a group gets stuck, the instructor asks the group
questions 2 to help get them moving forward again without simply stepping them
through the solution.

Common sources of confusion were how to begin, how to relate velocity to change
in flux, which area to use (cross-sectional or surface area), and which time interval
was relevant. For the latter, students often wanted to use the entire time the car

22The questioning is intended to be similar to “Socratic dialogue” (c.f. [74]) although most of the
instructors have no formal training in that. In general, the instructors do not immediately answer
conceptual questions asked by students. Instead, they respond by posing questions that are intended
to help the students reason the answer to their original question themselves. In practice, without
much training, many instructors, especially in Autumn 1998, still tended to “tell” students much
more than necessary, but this is not the intention of the lab.
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was inside the solenoid, rather than just the time it took to “enter.” Many did not
explicitly attempt to relate this time interval to any specific corresponding amount
of change in flux. Others attempted to use the entire length of the solenoid in their
calculations of change in magnetic field. While this is at least consistent with the
time interval used by some of these students, neither one is technically appropriate
for the calculation of the peak emf as the magnet enters the solenoid.

All of the data discussed here and below are from students’ written lab work
during the Autumn 1998 quarter. Observation as an instructor in other quarters

showed similar results, even though students’ written lab work was not collected.

Students’ predictions for varying parameters

Magnet reversed

When asked what would happen to the graph if the car is released backwards,
all students in the Autumn 1998 quarter correctly drew the peaks reversed. Some
students’ explanations had good features. For example, one student says “the S end
causes flux change in opposite direction so induced emf goes in opp. direction.” The
student is correctly focusing on the changes in magnetic flux through the solenoid.

Since the lab activities are not graded, and students often want to minimize the
time spent in lab, it is difficult to get students to sufficiently write down their reasoning
as they work. Lab instructors hear good discussions among groups, but these are

rarely written students’ lab work. Consider two examples with minimal written detail:

e “The poles were reversed so the graph was reversed,” or

e “South pole will be entering coil.”
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From these alone, it is difficult to tell if the student had a solid understanding
of the physics involved. In fact, explanations that focus on surface features of the
situation were common in all of the activities. While in the lab, it is possible for the
instructor to probe for a deeper explanation in terms of the underlying concept of
change in flux. Other student responses were more like descriptions of what would
happen rather than explanations of why it would happen. It may be helpful, in
general, to show students an example of both to illustrate the difference. It may also
be helpful to ask them to use pictorial and physical diagrams such as the one shown
in Figure 3.5 (b) in their explanations.

Magnet stationary

Again all students drew correct graphs that showed no induced potential differ-
ence with the magnet stationary inside the solenoid. It is possible that this question
was much easier for students since it came after a thorough analysis of the more
difficult case of the moving magnet. The activity can still serve to build their confi-
dence in their emerging understanding. Again only a few students provided written

explanations with good features, for example,
e “no APhi, so no induced voltage.”

Many were limited to descriptions such as “no graph” or “no V.” Other explana-

tions were more troublesome. For example,
e “There is no motion, so there will be no g;,4.”
e “zero - because there is no velocity, no flux or voltage.”

These emphasize the relationship between induced emf and motion. While this
may be true for this case, it is not true in general. In fact, students have seen that
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even as the magnet moves through the center of the solenoid, the induced potential
difference falls to zero; it does not remain constant even though the magnet’s velocity
is roughly constant.

Other troublesome responses include those that again focus on flux rather than

changes in flux, for example,

e “poles balanced,” or

e “flux =0 so V is zero.”

Finally, one student from the preliminary trial of this lab in Spring 1998 said

e “it will remain zero b/c it is in the center.”

These students may have thought that the center is special in some way, possibly
due to some idea of symmetry. It is consistent with the idea that emf is proportional
to flux rather than change in flux. Students often expressed the idea that the flux from
the N pole cancels flux from the S pole while the magnet is inside the solenoid (and
so if flux is zero, then emf is zero). Having seen the answers to the previous graphs
may have reinforced these ideas for these students. For all of these students, it seems
that it would be better to ask about the induced emf when the magnet is halfway
in or halfway out of the solenoid rather than at the center. Then the poles are not
“balanced”, the previous graphs are not zero there, and yet no emf is induced. This
might provide a better learning experience for the students (including other students
who did not express this thinking explicitly) and would prevent students from making
a “correct” graphical prediction for one of these incorrect reasons.

Release from half initial height
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All but seven students in the Autumn 1998 quarter predicted that the maximum
induced potential difference would be less than before. This is not too surprising
since it goes along with the intuitive “more is more” idea (here,“less is less”), and
since emf is proportional to velocity as in the cases they had seen in lecture. Roughly
a third predicted more specifically that it would be less by the correct factor of the
square root of two. A third predicted it would be half as much as before. Further,
most of these students claimed that their observation confirmed that the maximum
was half that from before. When confronted by a lab instructor asking “So do you
think it was just a sloppy experiment then? What if you did it more carefully?,”
many of these students realized that they could apply conservation of energy to find
the effect on the speed of the magnet. But it was surprising that the data itself did
not immediately lead the students to the same conclusion. It was suggested [75] that
these students may still be thinking in terms of estimations and approximations since
that was a large part of the first experiment. Then it takes the intervention of the
instructor to make clear that they are to be more exact when possible.

Two solenoids in tandem

Figure 3.8 shows students’ predictions for this situation for Autumn 1998. 20%
predicted that the graph would show the same sort of shape as originally, but dupli-
cated since there were now two solenoids, as shown in Figure 3.8 (a). 40% of those who
predicted only two peaks recognized that the graph would spread out along the time
axis since the magnet now takes longer to get through. However, only 12% overall
stated explicitly that the maximum induced potential difference would be (roughly)
the same as before. These students seem to have understood that the loops farther

than one magnets’ length away do not contribute much to the peak emf. 29% overall
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explicitly predicted that the maximum induced potential difference would be higher
than before—in some cases, twice as high. It is likely that these students are still
not successfully interpreting the idea of the relevant number of turns. It should be
noted that 12% of the students drew a prediction that “correctly” showed the ob-
served small extra peaks. It is not clear from the students’ brief explanations that
these were well-reasoned predictions. The one that comes closest is the student who
explains “because there’s a gap between.” It is possible that these drawings were not
actually “predictions”—that instead they were seen on their own equipment or on
other groups’ screens around the room before their prediction was made.

When asked to imagine having one long continuous solenoid rather than two sep-
arate ones, most students still drew a graph that had two broadened peaks with no
separation between them. In practice, it was difficult to discuss the outcome of the
ideal extended solenoid since one could not perform the actual experiment. This was
very unsatisfying for both the instructor and the students. Pavlos Mihas 23, while
a visiting professor at Ohio State, developed a Visual Basic simulation for this lab.
With it, one can easily vary the length and number of turns in the solenoid, among
other parameters. Once the students had performed many experiments with the real
equipment as described above, this simulation would be useful to extend the students’
experience—to easily do what the experimental equipment cannot and allow students
to strengthen their understanding in this extended solenoid situation. The simulation
might also be useful in the next section where students are encouraged to design their
own additional experiments. Again, it is not recommended to replace the hands-on
experiences but rather to extend them when the actual equipment has limitations.

23Currently at Thrace University in Alexandropoulis, Greece.
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Figure 3.8: Representative student responses (re-created on the computer) for the
case of a magnet moving through two solenoids in tandem connected in series. (a)
The single-solenoid graph repeated, as would be seen from two separated solenoids.
(b) Only two peaks, but extended further along the time axis. (¢) Two peaks extended
further along both axes.
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For example, one could vary the magnet’s strength (without introducing complicated
spatially extended multipoles that one gets by taping additional magnets to the car)
or easily vary the radius or number of turns present.

Student-designed experiments

Among the experiments that students generated are the following.

o Testing the effect of varying the magnetic field strength using two or more

magnets with either opposing or reinforcing fields.

e Testing the effect of velocity (magnitude and direction) by causing the car to

collide—with a hand or other object—either inside or at the end of the solenoid.

e Testing the effect of velocity (magnitude and direction) by raising the end of

the track so that the car oscillates through the solenoid.
e Testing the effect of varying the separation of the two solenoids in tandem.

e Testing the effect of varying the order and position of the connections to the

computer.

Students also wondered what they would see if they sent the magnet through
sideways or if the magnet was spinning inside the solenoid. These could not be
performed given the limitations of the equipment. It seemed that the students really
enjoyed this part of the lab (as well as the other graphical predictions). The hardest
part was to get the students to write down their predictions to ensure careful reasoning

before they performed the experiments.
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Jeopardy Graph predictions

Students seemed to do well with the Jeopardy activities. Most answered the
first one as the car stopping inside the solenoid—either because it was caught there
or because it came to rest on its own. Many said the second graph was made by
the magnet travelling through four solenoids in series (stopping inside the last one).
While these answers are correct, students’ explanations of them often were focused
on surface features as mentioned earlier. For example, a student might say ‘the first
Jeopardy graph is half of the original one we saw, so its motion must be half the
original motion,’ or, ‘the second Jeopardy graph is three and a half times the original
motion’s graph.” Again, the instructor can repeatedly try to push the students to
explain in terms of the underlying idea of change in flux.

In the case of the second Jeopardy graph, this can be done by asking students to
predict what the graph would look like for a magnet oscillating through the solenoid,
for example if the track was curved upward at the end. Students often respond that
when the magnet travels backward through the solenoid, the two emf peaks will flip
signs—for example, going negative first and then positive—so every other pair of
peaks would be flipped. After students perform the experiment, they see that in fact
you get the same graph as shown in Figure 3.4 (b). (This is actually how this figure
was produced since it takes much less equipment and less trouble.) At this point the
instructor can ask students to explain the graph in terms of changing flux—drawing
diagrams like the one shown in Figure 3.5 (b). Note that the students will still suggest
explanations in terms of surface features, for example, a reverse in direction of velocity
and a reverse in which end of the coil is entered will leave you with the same order

of peaks. While this statement is true, this type of reasoning can lead students to
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wrong statements too. For example, on a lab post-test (given Spring Quarter, 1999),
some students stated that if the magnet’s orientation was flipped and it was sent
through from the other side of the solenoid, then the emf peaks generated would be
unchanged since these two changes (poles reversed and velocity reversed) cancelled
each other. These students failed to count the fact that the magnet was now entering
the opposite end of the solenoid first. Others included this last change in place of
the reversal of velocity. The point is that it can be difficult for students to correctly
consider all of the relevant surface features. It is actually more reliable to just focus

on the one fundamental variable: change in flux.

3.3.4 Summary

These activities elicit a large diversity of students’ thinking. This information is
very helpful for the instructor. Knowing the range and frequency of students’ ideas
in their current state allows the instructor to better design his or her instruction to
transform them into the desired (target) final state. The information is also useful for
students since it actively engages them in their learning of the concepts of electromag-
netic induction and allows them to confront and resolve any qualitative misconcep-
tions they may have. Further, these lab activities give students practice with complex
problem-solving skills, such as breaking a problem into parts and making simplifying
estimates, and gives them practice reasoning among multiple representations.

Some of the underlying student difficulties identified involving the concept of elec-
tromagnetic induction were the following. Induced emf is proportional to magnetic
field or flux rather than change in flux. This was reported also by Harrington et
al [15]. In general, the confusion of a quantity with its rate of change, for example
velocity with acceleration, has been seen by others (c.f. [58]). Other difficulties came
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from inappropriately generalizing the idea that induced emf is proportional to veloc-
ity. While this is true in some circumstances, it is not true in general. In addition,
a few students seemed to imply that the induced emf was not transient. (This may
be true for the case of superconductors, but not in the laboratory experiments done
here, and not in general.) A number of students did correctly try to apply the idea of
change in flux, however some were not able to do so correctly. Other difficulties not
specific to electromagnetic induction were a lack of distinction between a description

of a phenomenon and an explanation of that phenomenon.

3.4 “Tutorial” on Magnetic Induction

After observing and analyzing students’ interaction with the two sets of laboratory
activities, as well as their written exam responses, a set of paper-and-pencil activities
was developed to help students address some of the common difficulties and to build
connections among the multiple representations of induction concepts. It is called a
tutorial in that it supplements the lecture and lab activities and can be used either as
homework or during a recitation. It is not intended to introduce the topic of induction
since it presents students with an organized flow-chart and strategies for solving
problems about induction. Beginning with this type of instruction might encourage
students to memorize this structure and formalism without truly understanding it.
As described in this chapter, we have used it after students have been given the
opportunity to investigate and explore the phenomenon for themselves. As seen in
Appendix D, it begins with a flow-chart as an aid to thinking through the complex

processes related to magnetic induction. This chart may be a useful tool for answering
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many problems about when and how much emf or current is induced in various

systems.

3.4.1 Activities

First, students are given practice with the concept of magnetic flux. Students are
given the mathematical definition of magnetic flux and asked to connect the symbols
to more concrete pictorial and graphical representations. Students are then asked
to interpret the concept in their own words. This emphasis on connecting multiple
representations of the concept is believed to help strengthen students’ understanding
and their ability to interpret the concepts involved. (c.f. [18], [19], and [76].) Next,
students are asked to consider which variables affect flux and to apply these ideas to
rank the amount of flux through a set of loops in different uniform magnetic fields.
Since they are asked to rank the magnetic field for the same cases, they are also given
the opportunity to consider how flux is related to, yet distinct from, field. Two of the
situations are purposefully ambiguous as to which has the greater flux. One has a
stronger field while the other has a smaller angle between its field and the flux. This
was designed to stimulate more discussion among students working in groups. The
fourth situation involves a loop moving parallel to the magnetic field. This is included
to address the idea some students have that flux involves a measure of how much field
flows across the boundary of an area in a given time interval. Finally, students are
given practice with writing expressions (without numbers) for flux in five cases. These
cases ranged from straightforward ones to ones where the direction of the flux (and
therefore the sign of the flux) is relevant. There is also a case where students need
to account for the flux through more than one ‘face’ of a loop. As a transition to the

concept of emf, students are asked to consider how one could increase the amount
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of flux in a given situation. This gives students a chance to realize that there are
essentially three ways to change the flux in a situation-to change the magnetic field
strength, to change the size of the area of the loop, or to change the angle between
the area and the field.

In the next section of the activities, students are given the mathematical represen-
tation of Faraday’s Law and asked to interpret the equation in their own words. They
are also asked to think about what sort of quantity emf is. Next, students are asked
to respond to a statement made by a hypothetical student. The statement reflects
the most common difficulty students are seen to have with Faraday’s Law—that emf
is proportional to flux. If they do have this idea themselves, they will have to discuss
it with their peers who may be able to explain why it is not true in general. If they
do not have this idea themselves, they will be more aware that there is the potential
to fall into this sort of thinking, and they can help their peers understand why it
is not generally correct. The question comes early in the activities in order to have
students write down their initial opinion about this issue. Then this initial opinion is
accessible to both the student and the instructor as they discuss the following exam-
ples and applications. This methods helps students reflect on their own initial ideas
and in conjunction with the correct idea as it is constructed. If students do begin
with this incorrect idea and then develop a more correct understanding, the initial
written opinion can serve as evidence to the student of his or her own learning. Next,
students are asked to consider how one could create a change in flux. They are then
asked to distinguish between a spatial and temporal change in magnetic field, and to

consider which is relevant for Faraday’s Law.
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In the next section, students are given practice distinguishing between magnetic
flux and a (temporally) changing magnetic flux by ranking the amount of each in
three related cases. They are then asked which has the most induced emf so that
they must chose whether flux or the rate of change in flux is the relevant variable.
The cases are specifically chosen so that the one with the greater rate of change in
flux, and therefore the greater emf, has a smaller flux than others at any given instant.

As an optional challenge, students are then encouraged to invent cases in which
magnetic flux could exist without a change in flux and where the magnetic flux could
be zero while the rate of change in flux is non-zero. The latter seems particularly
difficult for students to imagine. One possible answer is at the two points during the
rotation of a loop in a uniform field when the direction of the normal to the loop is
perpendicular to the direction of the field.

Once students have considered the above issues, they are introduced to a method
of determining when a change in flux exists at a given instant in time. This method
emphasizes two things. First, it emphasizes the strategy of considering two instants
in time immediately surrounding the instant of interest. This is meant to overcome
two types of difficulties: consideration of only the single static instant of interest-
often evaluating flux at that instant rather than its rate of change-and consideration
of two instants separated by too long a period of time-and therefore determining
some average change in flux rather than an instantaneous change. Second, it empha-
sizes the use of a visual representation of flux as an aid to making the comparison.
This is meant to help students correctly interpret the mathematical representation of
flux. Students are given practice applying this method to several qualitative situa-

tions. They are then given practice using it for quantitative situations. Students are
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encouraged to explicitly consider which variable(s) is (are) changing and therefore
inducing the emf. This is to help them correctly interpret the mathematical time
derivative in Faraday’s Law. They are encouraged to write an expression for flux and
then consider the change in flux. After arriving at an expression for induced emf),
students are encouraged to assess whether their answer has appropriate dependence
on key variables such as radius or velocity.

Finally, the activities include a similar strategy (using visual representations to
compare the flux at two instances surrounding the time of interest) to determine in
which direction any induced current would flow. Students are encouraged to draw
both the original magnetic field at instants before and after the point of interest,
and to draw the induced magnetic field that would attempt to compensate for any
change between these two pictures. This is to help emphasize the fact that there
are two distinct magnetic fields to consider and that they don’t necessarily point in

the same direction 24.

Students are explicitly cautioned to use the right-hand rule
for the induced field (rather than the original field) to determine the direction of the
induced current. This is an attempt to remind students that a common mistake is
to apply a right-hand rule with the original field, or to accidentally use the left hand
(especially problematic for right-handed students as they more often forget to put
down their writing implement to free up the right hand). The last question gives
students an opportunity to work a problem in a direction opposite to what is usually
given. Practice in changing representations in any direction is thought to have a

positive effect on student understanding. As a footnote (due to time constraints),

24That is not to say that physically there is more than one magnetic field in space—only that two
fields are present for the purpose of theoretical calculations, the superposition of which would yield
the net field
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students are encouraged to apply the Lorentz force equation to any situations in
which it is appropriate to confirm that its results agree with the result of Faraday’s

Law and Lenz’s Rule.

3.4.2 Students’ Responses to Activities

Due to our limited access to the recitations 2°, we chose to try these materials in
four of sixteen lab sections (this is approximately 55 students) during the Autumn
99 quarter—in place of the second lab activities described in Section 3.3. For this
quarter, several of the problems in the activities were based on homework problems
that the students had been assigned from the text [11]. The thought was that even
if students had already looked at the problems, these activities would allow them
to look at them in a new, hopefully more systematic and useful, way. In practice,
it seemed that most of the students had not spent significant time on the problems
prior to this lab time. In fact, many students (working in their usual lab groups)
did not get through the entire set of activities. Most reached, but did not finish, the
quantitative problems and were encouraged to at least attempt the section on Lenz’s
Rule before leaving the lab.

The following are observations from informal discussions as instructors during the
tutorial. (Note time did not permit every question to be discussed with each group.):

p-3 Q2: A couple of students interpreted flux, in words, to be related to a change
in magnetic field or some type of flow such as “the amount of B through A over
some time period.” While the latter idea does not always cause students to arrive at

25The course instructor had promised the students that this final recitation session would be a
review for the final exam.
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incorrect answers, it can occasionally lead to incorrect responses such as the example
that follows.

p-3 Q5: Several students who had a “flow” idea of flux explained that the flux
through Case IV would be greater than that through Case III since, with v opposing
B, more would pass through in the same time. While this is true for water or particle
flux, here there are no ‘B particles’ flowing.

Other students in one group discussed the equation that the lecture professor had
derived that day in class, that € = BLv. They were unsure when it was appropri-
ate. We re-derived it, emphasizing that it is a special case of Faraday’s law (for a
rectangular loop moving out of uniform field). Afterward, one student asked if this
meant that if the loop stayed within the field, then there would be no emf. Another
followed this immediately by asking if the loop was rotating staying within the field,
would there be no emf? These students were struggling to understand how and when
to interpret and apply a motion idea to induction questions. These students were
reminded that analyzing a situation in terms of changing flux is always appropriate
and will always lead to a correct answer if it is interpreted correctly.

p-4 Q7: A large number of students drew the ‘direction’ of area as in the plane of
the surface rather than perpendicular to it.

p.4 Q7(iii)-(iv): Most said that the flux through (iii) and (iv) were the same—
ignoring the sign of flux. When asked specifically if the sign of the flux was the same
in both, many would say no, but perhaps just thinking of surface features of “flipped”
loop.... Others would need further discussion to realize the change in sign and how
to interpret this. Note that one group of students was not sure whether the loop

had been rotated (in the plane of the loop) by 180 or if it had been turned over
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by 180°. While this was easily clarified, it illustrates the difficulty with representing
a complex three-dimensional situation in two-dimensions using only diagrams and
written words. Similarly, a few students had trouble visualizing the area in situation
(v), and also the direction of the magnetic field, as anything other than in the plane
of the paper. A demonstration using a folded piece of paper for the loop and a pen
for the field was required to make the intended situation clear.

p-5 Q2: A number of students agreed with the statement that emf is proportional
to flux. In general, the instructors in the tutorial suggested students go on and work
through some of the specific examples (such as Question #5 on page 5) and then
return to this general question in light of their results.

p.-5 Q3: Several students described specific examples of experiments that would
involve a change in flux, such as moving magnets through coils or flipping switches in
circuits, rather than describing the general variables that affect the amount of flux.
In the future, this question could be re-written to better specify the desired question.
For example, one could ask “which three variables could be varied to produce a change
in flux?”

p-5 Q4: Several students were unsure if the magnetic field due to a long straight
current-carrying wire would be uniform in space or would decrease as one goes radially
outward. The former idea was due to a sense of analogy with the electric field due to
an infinite sheet of charge. Interestingly, even a few students who correctly described
the field as decreasing with increasing r sketched uniform x’s over the area of the loop
shown in the diagram for this question. Perhaps this oversight was simply caused by
a lack of experience visualizing non-uniform fields. In the future, we would add the

correct representation to this question to allow students to use it as an aid to answer
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the intended question instead of being stalled by an underlying difficulty about the
magnetic field itself.

One student explained that she felt that the magnetic flux would be changing in
time since, although the current was constant, the electrons were continually moving,
so the new charges would bring new magnetic field. This magnetic field is ‘somehow
new’ and can be considered to be a changing B, even if it is the same strength at any
time. Students responses to other questions (such as a loop moving entirely within a
uniform magnetic field) imply reasoning such as this, but it is somewhat rare to hear
such a complete and explicit description of the reasoning behind the response.

p-6 Q5: Most students did reasonably well at ranking the magnitudes of the flux
for this situation—primarily by comparing the mathematical representation for flux.
One student inquired which area was relevant to determine the rankings for flux, the
area of the loop in question or only the area in which there is magnetic field. When
polled, her group was split between the two.

The vast majority of students struggled greatly with the comparison of the rates
of change in flux in the loops. Many students ranked the magnitudes of the change
in flux in the same order as they had the flux. Some of these students explained this
was because the flux was changing at the same rate for each. Many other students
interpreted the statement that the “the fields are increasing in strength at the same
rate” to imply that the rates of change of flux were necessarily the same for Loop 1 and
Loop 2. This assumption highlights the fundamental distinction between magnetic
field and magnetic flux. Once asked to specify the difference in these two quantities,
the students were quickly able to answer this question correctly. These students did

not always agree on the ranking of Loop 3. Many students said that Loop 3 would
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have the largest change in flux (and emf) since |e3| = |ei| + |e2|. These students
ignored the implications of the signs of flux and emf. Some correctly realized that it
may be less than the others since the flux through 1 and 2 at least partially cancel.

Two very good students were slightly disturbed with the notion of having changing
fluz at an instant. The instructor discussed the interpretation of considering changes
in flux over small, but finite, time intervals and then shrinking the intervals down to
infinitesimal instants—analogous to the interpretation of instantaneous acceleration.
This seemed reasonable to these students.

A number of students (in at least four different groups) attempted to compare
the change in flux by inserting the given relationships between the fields and areas
into equations of flux for both Loops 1 and 2 and then taking the time derivative of
these equations. (That is, for example, saying that ®; = 5 By 7r? and ® = B, 477
Then £+ =54, 952 and €2 = 44, 952) These students concluded that the change
in flux is larger in the Loop 1. By substituting information about the relative field
strengths at a specific instant in time, prior to taking the time derivative, they are
ignoring the fact that, while both field are increasing at the same linear rate, the (5 to
1) proportional relationship between the field strengths is only valid at this instant.
While they may feel more comfortable putting in specific numbers that relate to
the question, in doing so they are removing relevant information about the rates of
change of field and replacing it with information about the amount of flux at this
one instant. As described in Section 2.1.4, this is a situation in which students are
not distinguishing between a functional relationship among variables and the values

of the function at a particular time.
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Note that there are two (equivalent) conceptually better ways to compare the
change in flux through Loops 1 and 2 at the instant shown. First, using a physical
representation, one can visualize the increase in the number of dots or x’s in each
area in a very small time interval. Both have an increase of, say, three dots per
square centimeter, but Loop 2 has more square centimeters of area, so it must have
a larger change in flux (or, equivalently, a higher rate of change in flux, since for any
small time interval it always a larger change in flux). Second, using a mathematical
representation, one can see that since the field is uniform across the entire area and
it is parallel to the normal vector, ® simply equals B times A. Then 2> = A48 gsince
the areas are constant in time. Thus, since the area of Loop 2 is larger, it must have
a higher rate of change in flux.

p.-7 Q7: A surprising number of students interpreted the diagram “at the instant
shown” to represent a situation in which there exists a stationary magnetic field
(due to an unconsidered source) whose distribution is shown, and two loops moving
through this field. Consequently, they determine that there will be an emf induced in
the loops as they move through the magnetic field. While this is technically correct,
it is not answering the intended question that involves a case in which motion is not
sufficient to induce an emf.

p-8 Q8: This question provided a good source of discussion that a changing area of
a loop is not sufficient to induce an emf. Most students correctly realized that there
would be an induced emf at instants I and II since the area of the loop was changing.
When subsequently asked whether the area was also changing at instant III, students
would often only reluctantly agree that it was. Further discussion would help students

realize that when the instructor speaks of a changing area as one possible source of
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changing flux, this “area” must be interpreted as the area in which the magnetic field
s changing. This seemed to be an eye-opener for many students. Often at this time
we would similarly discuss the fact that a changing magnetic field is irrelevant unless
it is changing inside the area of interest. These ideas are included (as qualifiers) on
the flow chart that is included on the first page of the tutorial materials.

One student described her reasoning in this situation as comparing the change in
flux over different finite intervals. For example, at Instant II, the flux has increased by
a larger amount than at Instant I. However, the time interval that transpires to reach
Instant II is also larger, proportionally. Therefore the emfs at the two instants would
be equal. At Instant III, the change in area is the largest, but the change in flux is
not quite as much when divided by its larger time interval. Therefore its emf will be
smaller. While this explanation sounds like it applies the correct fundamental ideas, it
is averaging the change in flux over the entire finite time intervals under consideration.
This gives a correct answer for this question only because the question requests a
comparison of the magnitudes of the emfs rather than an exact calculation.?® In fact,
the magnitude of the emf at Instant III is zero, not simply a smaller number than

that of Instants I and II.

3.5 Summary

The materials described in this chapter were very successful at stimulating stu-
dents’ thinking about magnetic induction and eliciting explicit aspects of their un-
derstanding for discussion with the instructor and for analysis for research. Students

26This method will yield correct answers whenever the rate of change in flux is constant over the
entire interval. This situation highlights the distinction between the average and instantaneous rate
of change.
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were seen to apply ideas that induced emf is proportional to the amount of magnetic
field or flux present, to motion in the system, or to some combination of these ideas,
in addition to the correct idea of rate of change in flux.

The activities also provide students with learning opportunities to improve general
scientific reasoning skills. For example, both versions of the first induction laboratory
allow students to design and perform experiments to develop insight into physical
phenomena. They encourage students to use experimental evidence to develop a
theoretical understanding of induction and then apply this understanding to explain
further experiments and to connect them to real applications.

The guided-inquiry version of the initial laboratory materials better allows stu-
dents to construct their own individual understanding. However, students’ rules were
usually heavily dependent on motion ideas which were not sufficiently general to ex-
plain all induction phenomenon. Yet students often did not generate or recognize
experimental evidence that would contradict their initial rules. Further, these rules
were often complicated and specific, similar to descriptions of events or surface fea-
tures rather than fundamental, generalized ideas.

The competing-hypotheses version of the materials was designed to address some
of these features of students’ responses. Three hypotheses are given. The first two
are based on observed common insufficient ideas—that emf is proportional to motion
or to magnetic flux. The third is a qualitative statement of Faraday’s Law—that emf
is proportional to the rate of change of magnetic flux. Students are challenged to
design experiments to contradict two of the three hypotheses and to explain how the

third hypothesis can account for all of the experimental observations. This explicitly
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requires students to generate experimental evidence to distinguish among the related
ideas of field, flux, motion, and change in flux.

The Experiment Problem lab provides students with repeated opportunities to
test and refine their understanding of induction in a number of qualitative contexts
that were chosen to illuminate important, yet troublesome, issues related to induc-
tion. For example, the primary situation is one in which the induced emf is not
proportional to velocity as a magnet travels through the solenoid. Nor is the emf
maximum when the flux through the solenoid is maximum.?” Other experiments
allow students to explore the effects of varying parameters such as the speed and
orientation of the magnet. They also get practice with the interpretation of N—
the number of turns—in the equation for Faraday’s Law. Jeopardy Graph activities
test and refine students’ understanding of induction while giving them practice with
connecting multiple representations in non-standard directions.

This lab also requires students to perform a quantitative estimation of the max-
imum induced emf. This develops important problem-solving skills such as breaking
a complex problem into parts, deciding which measurements are necessary, and what
approximations or assumptions are appropriate.

Finally, a set of paper-and-pencil tutorial activities was designed to supplement
lecture and lab experiences. They provide repeated emphasis of some of the most
basic yet troublesome aspects of induction. For example, students connect multiple
representations of induction concepts in order to facilitate their understanding of the
concepts and the mathematical language used to describe them. Further, students

2"When the area’s normal vector is defined in the same direction for each successive loop of the
solenoid, the flux is maximum when the magnet is at the center of the solenoid while the emf is zero
at this point.
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practice distinguishing between magnetic field and magnetic flux, and between mag-
netic flux and the rate of change in magnetic flux. They are encouraged to explicitly
consider the change in flux at an instant by comparing the amount of flux present at
two neighboring instants using visual representations at each instant. 2® They are
also encouraged to visually represent both the original and induced magnetic field at
both of the neighboring instants in order to determine the direction of the induced
current. This is to provide a systematic method students can apply to more reliably
realize that the induced magnetic field does not always oppose the original field, but
rather the change in the original field.

Students are also given a flowchart that summarizes the concepts related to induc-
tion. It encourages students to consider first whether or not the flux is changing at
the instant of interest (from either a change in field, area, or the angle between them).
Second, separately, it suggests one should consider how quickly the flux is changing
to determine how large the induced emf is. It then continues the causal sequence to
describe that this induced emf creates an induced current in any closed, surrounding
conductor. Finally, it reminds students that the induced current generates its own
induced magnetic field in a direction to oppose the change in the original flux. This
addresses several student difficulties: that emf is proportional to flux rather than
rate of change in flux; that emf is proportional to current rather than the reverse;

28This strategy of considering the change in flux over a finite interval of time can be dangerous
since, as will be discussed further in Chapters 4 and 5, students often mistakenly consider the change
in flux over an inappropriately large interval when answering questions about the emf induced at an
instant. This is equivalent to calculating a cumulative or average emf rather than an instantaneous
one. However, the overall strategy seems very useful as long as students have sufficient understanding
of how to apply it and are given practice doing so in a number and variety of contexts. In fact,
students can be introduced to the same type of strategy for determining the direction of instantaneous
acceleration using Reif’s vector addition technique [8]. A better understanding of the mathematical
definition of ‘derivative’ might help as well, since it in essence considers the difference in a quantity
over a finite interval and then shrinks that interval to zero.
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that emf is not generated if there is no closed conductor present; that the induced
the amount of induced current is proportional to the induced magnetic field strength
rather than the reverse; and finally, that the induced magnetic field opposes the orig-
inal magnetic field rather than the change in the original flux. Again students should
be given opportunities to practice applying this analysis in multiple contexts (includ-
ing examples of changing fields, areas, angles, or even combinations of these) over an
extended time. (This is especially difficult to arrange for the topic of induction since
it is taught at the very end of the course.)

The materials described in this chapter were developed and revised based on
preliminary results of research on students’ understanding of magnetic induction.
The ultimate goal of the instructional materials is to address students’ difficulties
and improve their understanding of this topic. While this chapter described students’
interaction with the materials themselves, the following chapter will also describe the

evolution of students’ ideas throughout their instruction on induction.
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CHAPTER 4

EVOLUTION OF STUDENT THINKING ABOUT
INDUCTION

This research on students’ understanding of magnetic induction assessed students’
ideas at multiple times during their instruction. The studies related to students’
thinking about underlying concepts such as field and flux, as well as their initial
ideas on induction prior to instruction, were discussed in Chapter 2. The studies
that relate to students’ ideas after part or all of their instruction on induction will be
described in this chapter. First, we describe a preliminary assessment of three classes
of students’ understanding at the end of the introductory courses on electricity and
magnetism in the Winter quarter of 1999. These preliminary studies were used to
determine how severely students struggle with these concepts even at the end of
their instruction and determine the existence and prevalence of specific difficulties
at the end of instruction. The results, along with student interviews, informed the
development of the instructional materials described in Chapter 3. Next, a series of
studies is described which was conducted on the students throughout their instruction
during the Autumn quarter of 1999. In an effort to study the evolution of their ideas
on induction, their performance was assessed at multiple times: on quizzes before and

after their initial lab on induction (which introduced the concept prior to lecture), on
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a recitation quiz after some instruction, on quizzes before and after their second lab
on induction, on the final exam, and on a delayed post-test. For a brief discussion
about students’ performance on a traditional quantitative problem on induction, we

also include the results of a question from the final exam of the 1998 Spring quarter.

4.1 Preliminary Study of Students’ Final State

In the Winter 1999 quarter, a preliminary investigation was conducted whose
primary goals were to assess students’ general level of understanding of the concept
of induction after instruction, and to identify the nature and prevalence of any specific
difficulties that arise in this context. In this quarter, there were three introductory
physics courses on electricity and magnetism: the regular calculus-based course (132),
the honors physics course (132H), and the honors engineering course (132E). On
the final exam, all of these students were asked the same qualitative problem about
magnetic induction. A comparison of the three classes mainly serves to determine if
all three populations struggle with induction and whether the difficulties they exhibit
share similar features. It is not intended to compare the students or the professors
involved.

The problem is shown in Figure 4.1. It is only slightly modified from one in the

Tutorials in Introductory Physics [17] developed by the physics education research

group at the University of Washington. It asks students to sketch the direction of
any currents induced in each of five loops moving near the boundary of a region of
uniform magnetic field and then to compare the magnitudes of the emfs induced in

the loops. Only the Honors physics section was asked the third question regarding the
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magnitudes of the currents in the loops ?° A brief summary of the students’ success
on this problem is shown in Table 4.1. Summaries of the common ideas that the 132
H, 132 E, and regular 132 students used for the problem are shown in Figures 4.2,
4.3, and 4.4, respectively.

Overall, the two honors sections were reasonably successful with the directions of
induced currents. This part of the question is related to both Faraday’s Law and
Lenz’s Rule. The student first has to determine which of the loops are experiencing
a change in magnetic flux, and then must use the right-hand rule to determine the
direction of induced field necessary to oppose the change in flux. For this problem,
Loop 1’s induced current would be counter-clockwise to oppose the decrease in flux
out of the page, while Loops 4 and 5 would have a clockwise induced current to op-
pose the increase in flux out of the page. Loops 2 and 3 both have no change in flux
and therefore no induced current. 83 % (70 of 87) of the 132 E students and 90 %
(35 of 39) of the 132 H students gave essentially correct answers and most had ac-
ceptable explanations. These numbers include ten students whose explanations were
correct but incomplete. The numbers also include twelve students whose explanations
were reasonable, but whose non-zero currents were all opposite of the correct direc-
tion. The latter mistake is consistent with accidentally using one’s left hand when
attempting to apply the appropriate right-hand rule. This mistake was considered
fairly minor overall. Since this preliminary study is largely to determine the general
degree to which students struggle with induction, the analysis of students’ responses

29 About half of these students correctly ranked the magnitude of these currents—with Loop 5’s
as smaller than 1 and 4 since its resistance is larger. 39 % ranked the currents the same as they
had the emfs, ignoring the resistances of the loops. Perhaps these students forgot to consider the
resistance of the loops since the rest of the problem was in the context of magnetic induction rather
than electric circuits.
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for this preliminary study tends to err on the side of overestimating students’ actual

understanding by including all of types of answers and explanations as largely correct.

Five loops are formed of copper wire of the same gauge (cross-sectiona area).
Loops 1-4 areidentical; loop 5 has the same height as the others but is longer.
At the instant shown, al the loops are moving at the same speed in the
directions indicated.

Thereisauniform magnetic field pointing

out of the pagein Region |; in Region 11 © B© © v
thereis no magnetic field. Ignore any @ ® ® | @® ?
interactions between the loops. ©L v ® 2@
a) For any loop that has an induced ©® ® ® ® ? v
current, indicate the direction of that 3
current. If thereisno induced current, © ® ® @
state that explicitly. For all cases, explain ® ® ® ®
your reasoning carefully. L 4

©@ ® © ®
b) Rank the magnitudes of the emfs ® ® [® ®

. . 5

around the loops. Explain your reasoning. v

®©® ® ® @
¢) Rank the magnitudes of the currentsin Region | Region I

the loops. Explain your reasoning.

Figure 4.1: A qualitative problem on magnetic induction, slightly modified from a
suggested homework problem in Tutorials in Introductory Physics ([17], p. 94.)

Just over half of the regular 132 students (168 of 332) got part a) essentially cor-
rect. This includes seventeen students whose explanations were correct but incomplete
and twenty-six whose non-zero current directions were opposite of the correct ones. A
Lorentz force approach was used successfully by eight students, but unsuccessfully by

about a quarter of the students (79 of 332). Most of these students gave a direction
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of current for all five loops instead of recognizing that there would be no induced
current for loops 2 and 3. Most used the given velocity arrow and the magnetic field
direction to determine the direction of current through the leading edge of the loop,
ignoring the other sides of the loop. It is perhaps not surprising that so many stu-
dents would attempt to use a Lorentz force approach to answer the first part of the
question. Students learn this concept first and perhaps have more practice with it.
It is not wrong to use it here. However, the majority of the students who tried were
not able do so successfully.

On the second part of the question, many of these students switched to applying
an induction approach-—perhaps because emf is more directly linked to a change in
flux via Faraday’s Law. Again it is not incorrect to use two different approaches to
this problem, but a number of students’ answers to part a) were inconsistent with
their answers to part b). For example, a student who says that all five loops would
have current in part a) goes on to say that Loops 2 and 3 would have no emf in part
b)—or the reverse, that Loops 2 and 3 have no current in a), but have emf in b). It
is possible that, given all that the students are trying to learn, the two parts of the
problem trigger two separate ideas and that the time constraints of the exam prevent
them from checking the consistency of their answers.

Approximately 5 % of the students (17 of 332) answered that all of the currents
(or all of the non-zero currents) would be in the counter-clockwise direction. This is
consistent with using a right-hand rule involving the original magnetic field, rather
than the induced magnetic field. In addition, several students explicitly stated that

the induced magnetic field always opposes the original magnetic field. All of these
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Question 132 H (N =39) | 132 E (N = 87) | 132 regular (N = 332)
Part a) Direction of any in- 90 83 51

duced current

Part b) Ranking emfs 67 31 17

Part ¢) Ranking currents 49 not asked not asked

Table 4.1: Brief summary of students’ success, in percent correct, on a final exam
question on magnetic induction (shown in Figure 4.1) for students from three classes.
132 E and 132 H are honors engineering and honors physics classes, respectively.

difficulties are cases where students have some good ideas, but are unable to apply
them successfully in the somewhat intricate context of magnetic induction.

Table 4.1 also shows that all three classes of students were not as successful on
part b)—ranking the emfs. Loops 1, 4 and 5 all have the same width and are entering
or exiting the field at the same speed, so the rates of change in magnetic field are the
same and therefore the magnitudes of their emfs are equal. Even though they are
moving at the same speeds, Loops 2 and 3 have no change in flux and therefore no
emf.

About two-thirds of the 132 H class (26 of 39) answered this part correctly. The
most common difficulties these students exhibited are summarized in Figure 4.2.
About 8 % of the students’ answers and explanations ranked the emfs as if emf is
proportional to flux (or area inside the field) rather than change in flux. 8 % answered
as if emf is proportional to the total area of the loop regardless of how much of it is
inside or entering the field. These students may have the correct idea that change
in flux is the critical issue, but they fail to apply it correctly, saying something like
“...loop 5 has the largest emf, because its Area is largest, leading to a bigger change in

®p.” It is possible that these students are considering a total change in flux from the
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time the loop just begins to enter the field until the instant shown or until the time
the loop is entirely within the field, rather than only the instant shown. However, it
is interesting to note that almost all of the students in this category gave the ranking
5>1=4>2=23=0. This ranking of Loop 2 is inconsistent with both a finite
change in flux idea and a simple total area idea. 8 % of these honors physics students
used an Ohm’s Law idea to say that since loop 5 has a larger resistance, it would
therefore have a greater voltage. This demonstrates a lack of understanding about

the relationship between the variables in Ohm’s Law.

Other
9%

emf proportional to
resistance
8%

emf proportional to
total area
8%

emf proportional to
field or flux
8%
emf proportional to
changein field or flux
(essentialy correct)
67%

Figure 4.2: Summary of ideas that honors physics students’ applied to the final exam
question about induction shown in Figure 4.1

About one third of the honors 132 E class (27 of 87) answered this part correctly.
Some of the common difficulties demonstrated by this class, shown in Figure 4.3, are

similar to those for the 132 H class. Many of them involve unsuccessful attempts to
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Other
10% emf proportional
to change in field
or flux (essentially
correct)

31%

emf proportional
to fraction or %
area
10%

emf proportional
to combination of
'flux' and ‘change
in flux'
15%

emf proportional
to field or flux
emf proportional 17%
to total area
17%

Figure 4.3: Summary of ideas that honors engineering students’ applied to the final
exam question about induction shown in Figure 4.1

apply a “change in flux” idea. 17 % (15 of 87) answered that emf is proportional to

total area of the loop. Again many of these students explicitly mentioned the idea of

dB»

7 but seemed to interpret this incorrectly—considering

change in field or flux, as “A
the change in field at the instant shown, but interpreting A as the total area of the
loop rather than the region in which the field is changing at that instant. While it
is possible that some students are explicitly considering the total change in flux over
the finite interval in which the entire areas of Loops 1, 4, and 5 enter the field, these
same students’ recognize that Loop 2 would have no induced emf at the instant in
question. 10 % (9 of 87) of the students’ rankings involved the fraction or percent of
area inside the field, for example “#1 has the greatest change in the field as half is

not in field, while the other half is. #4 has the next greatest change as there is less
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emf proportional
to change in field
or flux (essentially
correct)
17%

Other
13%

emf proportional
to fraction or %
area
4%

emf proportional
to combination of
‘flux’ and ‘change
in flux'
19%

emf proportional
to field or flux
23%

emf proportional

to area left to emf proportional
change to total area
10% 14%

Figure 4.4: Summary of ideas that regular calculus-based physics students’ applied
the final exam question about induction shown in Figure 4.1

percentage of the area in the field....” In addition to these difficulties, about 15 % of
the students (13 of 87) seemed to use a combination of flux and change in flux ideas.
For example, eight students mentioned the motion of the loop specifically such as “2
is all the way in the field, so it has the greatest emf, 5 isn’t all the way in the field, but
it has a large loop, so it comes next, 4 has a smaller loop, but is still moving into the
field 1 is moving out of the field.” Similarly, five students explained something like “5
[has| greatest flux; 2 flux is increasing (already larger than 4), 4 is increasing, 1 flux is
decreasing, 3 no change in flux.” These students seem unable to clearly separate the

idea of flux from change in flux and so try to apply them both. 17 % of the class (15
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of 87) answered that the emfs are proportional to the flux rather than the change in

NBA

Ar |therefore] greater area in field means higher emf.”

flux, for example “...emf =

Only about 17 % of the regular 132 class (55 of 332) answered this part correctly.
Again these students exhibited some of the same difficulties as previously mentioned,
as shown in Figure 4.4. 33 % of this class (110 of 332) tried unsuccessfully to incorpo-
rate the idea of ‘change’ in their answer. Twenty-one students did this by including
both the amount of flux at the instant shown plus how much the flux was chang-
ing. Thirty-eight students used both the amount of flux at the instant shown plus
the direction the loops were moving. Thirty-two of these students used the amount
of area outside the field—still able to change—for example, ranking Loop 1 as hav-
ing the greatest emf. Similarly, fourteen students ranked the proportion of the loop
that had experienced a change in flux or that could still have a change in flux (e.g.
1=4>5>3=2=0). Again these difficulties may be related to a lack of distinc-
tion between instantaneous versus finite change. 14 % of this class (46 of 332) ranked
the emfs as proportional to the total area of the loop. 23 % (76 of 332) ranked the
emfs as proportional to flux itself, without any mention of change.

This preliminary study clearly shows that the concept of magnetic induction is
one with which students struggle greatly even at the end of their instruction. Even
the honors classes show some evidence of difficulties similar to those exhibited by
the regular class. This is not meant to criticize the students involved. The fact
that similar difficulties are seen repeatedly in multiple quarters (and even in the
honors populations) shows that they are not simply flaws in any set of students (or
instructors). This suggests that further study of students’ reasoning and learning

about induction is well justified.
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4.2 Evolution of Student Ideas After Initial (Laboratory) In-
struction

In order to study students learning of induction in more detail, their ideas about
this concept were assessed at multiple times during the course of their instruction
in the Autumn 1999 quarter. In Section 2.2 we described the ideas that students
initially applied to a pre-test given immediately prior to their first instruction on
magnetic induction (the guided-inquiry lab described in Section 3.1. In this section,
we will describe the same students’ ideas as applied to a post-test given immediately
following this initial instruction.

The questions, shown in Figure 4.5, were designed to be very similar to the pre-
test questions (shown in Figure 2.13), only with slightly different surface features. A
comparison of these pre- and post-test results can then show something of how the
students’ ideas changed as a result of this initial inquiry lab instruction. Because
many of the pre-test questions are similar to activities students would likely be able
to do in the lab, we felt it was important for the post-test to not be identical to the
pre-test to prevent very case-specific learning (like short-term memorization) from
affecting the measurement of students’ ideas. 3 The disadvantage is that the use
of non-identical questions on the two tests may account for some of the variation in

30Gince students design and perform their own experiments to a large extent, we can’t say for cer-
tain exactly what experiments they would have done. TAs were told not to suggest any experiments
from the post-test to students. However, they could discuss cases from the pre-test if students asked.
They could even discuss cases from the post-test if the students generated the questions themselves.
This was allowed since the lab sessions are primarily learning opportunities for the students and
only secondarily learning opportunities for research. In the author’s experience, most students did
not bring up cases 3 and 5. Occasionally they considered case 4. Most often they did consider case
2. However, since correct reasoning was required on the test questions, it was clear which students
still did not have sufficient understanding of the fundamental idea of change in flux.
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students’ responses rather than just their learning alone.®' This issue is more likely
to affect the number of times the “field” or “motion” idea was used rather than the
“change” or “current” ideas since field strength and motion were the surface features
that were changed non-equivalently in the post-test questions. A student who has
a good understanding of induction should be able to apply the change in flux idea
regardless of the surface features of the question. The situation shown in Question 3
is the most different from the common lab activities. In fact, this question was left the
same on the post-test since students would not be able to explicitly experimentally
determine the answer to that situation during the lab.

Overall, students were more successful at answering the post-test questions than
the pre-test questions. The mean score on the post-test was 3.20 (with a standard
deviation of 1.14) while that one the pre-test was 1.15 (with a standard deviation of
1.20).

Students’ responses to the post-test were again classified into the five main ideas
that had been identified on the pre-test: change (in flux, field, or area); motion;
presence of current or power source; strength of field or flux; and other miscellaneous,
incomplete, or missing ideas. The “change” idea (“d/dt”) includes the correct change
in flux idea or the slightly less fundamental ideas of change in field, area, or angle,
as well as a more vague ‘something is changing’ idea. The latter was included since
these few students were able to use this idea to arrive at a correct answer. They were
given the benefit of the doubt that perhaps they were applying a form of the correct
idea but were just unable to verbalize it precisely or completely. The second main

31In the future, the tests could be administered in the reverse order to better compare the difficulty
level of the two. In addition, it would be interesting to give the two combined as both pre- and
post-tests. This would provide information about whether students seem to remember the questions
during the lab activities and whether students answer the paired questions consistently.
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(Assume al loops and bulbs are made identically.) For each case below, apply the rule you have developed
inthislab to circle the relationship that best shows the relative brightness of the bulb in situation P
compared to the bulb in situation Q. Explain the reasoning behind your choice, or what triggered your
responsein each case.

Casel: Explain:
P Q
P> Q (Pisbrighter)
P<Q (Qisbrighter)
P =Q =0 (neither lit)
BEvES P=Q # 0 (lit equally)
\'
Magnet is moving to theright Both magnet and loop are
toward the stationary loop with moving to theright with
eed v eed
* Same speedv Case2:
P>Q
| P<Q
P=Q=0
P=Q#%0
Magnet is at rest, far Magnet is at rest, very close to
from the loop the loop
B - B .
oy 2 > Case3:
] >
N , N s P>Q
| S P<Q
e > P=Q=0
Vv = \Y pP= Q # 0
Loop is moving to theright Loop is moving to theright
with speed v in auniform with the same speed v, in a
magnetic field weaker uniform magnetic field
battery Case 4.
battery
P>Q
P<Q
i P=Q=0
Just as aconnection to the P=Q#0
Current flows from the battery battery breaks (current stops
through the circuit on the left flowing through the circuit on
the left)
Case5:
P>Q
S N— P<Q
P=Q=0
Loop isrotating about a Loop isrotating about a P=Q#0
vertical axis, with uniform horizontal axis as shown, with
angular speed, w same uniform angular speed, w

Figure 4.5: Post-test questions related to magnetic induction given to students im-
mediately after their first (laboratory) instruction on induction.
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idea students use is that emf is proportional to flux or field strength (“B”). The third
main idea is that emf is proportional to motion (“v”)—for example, of the magnet,
the source of field, or both. Note this idea is listed third since it is less prevalent than
the flux/field strength idea. However, it perhaps should be listed second since in
many instances students are able to apply it to arrive at a correct answer. The fourth
idea is that there can only be current when a battery or other source of separated
charge is present (“I”). As described previously, many students thought this was
the critical issue regardless of whether the battery was connected in a nearby circuit
rather than the circuit of interest. Finally, all other ideas are grouped together into a
“catchall” category (“?”). This category also includes students who do not have any
particular model for this topic—for example, those who said “I don’t know” or gave
no explanation.

As noted in the previous section, students sometimes apply ideas related to the
Lorentz force to induction questions. In this case, those done explicitly and success-
fully were classified in the correct “change” category since that category represents
the one we would like students to use. This was limited to only a few students on
Question 3. If the Lorentz force idea was used in a more vague or general way, it was
classified according to the variable on which the student based his or her decision.

The results are for the same 235 students whose pre-test results were analyzed in
Section 2.2.2. As mentioned for the analysis of the pre-test, there are several different
ways to analyze the results of this post-test. First, one can answer the question “How
often was each idea applied to answer each question?” Second, one can answer the
question “How many students consistently used each idea to answer the whole set

of questions?” Finally, one can apply the Model Analysis method to show the most

182



Idea Used Question 1  Question 2 Question 3 Question 4 Question 5
“change” 118 109 72 126 134
“motion” 93 84 6 17 30
“current” 1 1 1 46 1
“field or flux” 15 31 149 24 43
“other” 8 10 7 22 27

Table 4.2: Prevalence of each idea (in # of times used) on each of the five post-test
questions on induction. (Each had a total of 235 responses. We estimate that 10 %
of the response classifications are uncertain—spread evenly over the categories.)

common state of students’ ideas and the degree to which they are mixed. These three

analyses will be presented in the following subsections.

4.2.1 Prevalence of Each Idea

Let us begin with the number of times each of the five most common ideas was
used to answer each question. The results are shown in Table 4.2 and Figure 4.6. We
see that approximately half of the 235 students attempted to apply a change idea on
Questions 1, 2, 4, and 5. This is a definite improvement from the pre-test results. Note
that these numbers do not reflect how many of these answers were correct. In fact, as
shown in Figure 4.6, of the 559 times students applied a “change” idea on this set of
questions, they misinterpreted it 11 % of the time. This was particularly apparent on
Question 3. Of the 72 “change” explanations given, 26 stated that situation P would
have a larger change in flux than situation Q. For example, one student explains that
“because the field is stronger in P, a given velocity will result in a greater change
in flux, which means more current and a brighter light.” Three students said both
situations would have the same change. The ways in which students misinterpret the

“change in flux” idea will be discussed in more detail in Chapter 5.
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Figure 4.6: Prevalence of each idea (in percentage) on the post-test as a whole,
and the percent of time these lead to correct and incorrect answers. (The total
number of responses on this post-test is 1175. We estimate that 10 % of the response
classifications are uncertain—spread evenly over the categories.)

184



The “motion” idea was roughly as prevalent on the post-test as on the pre-test.
Again we see it was more frequently used (and used correctly) for the first two ques-
tions. It is likely this is because the motion idea is very easy to apply to those two
questions, but more difficult to interpret for Questions 4 and 5. So it is possible
students use the motion idea when it is simplest (and likely to yield a correct answer)
and then apply another idea (or two) when the question is more complicated or the
surface features trigger a stronger idea. This is clearly exemplified in one student’s
set of answers:

Question 1: P > Q “b/c the current is induced when magnet or loop is in motion—
not when both are in motion = therefore when both magnet & loop are in motion it
is as if they are stationary & no current is induced.”

Question 2: P = Q = 0 “= since there is no motion of magnet or loop — no
current is induced — it does not matter if it is close or far.”

Question 3: P = Q = 0 “= no change in flux”

Question 4: P = Q # 0 [Note the inconsistency between this answer and the
explanation.] “The current is induced only when the switch is —just connected or —
just disconnected —not when switch has been closed & sits for an instant after switch
has been closed”

Question 5: P > Q “For Q—flux does not change. For P—flux does change.”

When the motion idea can be used in this way to arrive at a correct answer, it may
be serving the student reasonably well (as a schema, perhaps, for efficiently answering
certain types of problems). A comparison of Figures 2.14 and 4.6 shows that while
the frequency with which students applied a “motion” idea did not decrease much

from pre- to post-test, the percent of time it led to an incorrect response did decrease

185



noticeably. It seems that the students who applied it on the post-test were better
able to discern when it can be used reliably as a shortcut in reasoning. However,
it is somewhat reliant on the surface features of the question, as exemplified by this
last student. Further, the motion idea is not generally true in all situations. Overall,
the it led students to an incorrect choice about 18 % of the time it was used. Some
representative student explanations to illustrate this are the following:

Question 1: Q > P “Moving more makes bigger current”

Question 3: P = Q # 0 “moving to right and have same speed”

Question 4: P = Q = 0 “The coil is not moving”

Question 5: P = Q = 0 “The magnet has to move” or “no motion towards field
source”

Question 6: D = E # 0 for both (a) and (b) “because the distance doesn’t matter
as long as velocity is the same”

The number of students applying a “field or flux” idea decreased noticeably on
Questions 1, 2, and 5. However 63 % of the students still applied this idea to Question
3. This is an improvement from the 86 % who did so on the pre-test, but it is still
disappointingly high. Remember that this question was identical to the pre-test
question, but the least similar to the actual lab activities. Overall, the “field or flux”
idea led students to incorrect answers 92 % of the time it was used. Again, some
representative student explanations are shown to illustrate common uses of this idea.

Question 1: P = Q # 0 “because the flux is the same...”

Question 2: P < Q “because Q has more flux”

Question 3: P > Q “P has more flux”

Question 4: P > QQ “because B is created when current is flowing”
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Question 4: P = Q = 0 “because no flux will go through P and none through Q”
[Note this student may feel that the field would not extend far outside the solenoid.
This view was not as common. |

Question 5: P < Q “because it’s [sic| rotation doesn’t affect it’s [sic] flux”

As on the pre-test, we see the “current” idea was mainly used only on Question
4 since this was the only one that included an explicit source of charge or current.
Its overall use has decreased from 56 % to about 20 % which indicates a great im-
provement. Fewer students now used the amount of current in the nearby circuit to
determine the brightness of the bulbs.

The fifth question seemed to elicit the largest variety of responses. Among the
explanations were that situation Q would be brighter since its field strength was not
being reduced or cancelled during the rotation (corresponding to a “field” idea), that
the two situations would be the same since both were rotating with equal speeds
(a “motion” idea), or that neither would be lit since neither loop was moving (an
inappropriate application of the Lorentz force, corresponding to a “motion” idea
here). A surprising number of students (about 20 on the pre-test and 9 on the
post-test) did not mention the idea of change until the fourth or fifth question. For
example, for Question 5 they would state that here the changing or alternating field
would cause the bulb to light in case P. Some explicitly stated that this was like a
generator. This supports the idea that some students may apply motion and other
ideas mainly when the surface features of the question make that easy to do. (The
fact that each idea can lead to an incorrect response shows that students should not

apply an idea simply because it is easiest.)
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4.2.2 Number of Students Applying Each Idea Consistently

A second question is how many students used each idea consistently to answer
the whole set of questions. Here, a student was categorized as using a particular idea
“consistently” if he or she applied it to at least four of the five questions. Students
were categorized as using “mixed” ideas if they did not use the same idea for at
least four of the five questions. This includes the range from students using one idea
for three questions and another idea for the other two questions to students using a
different idea for each question. Figure 4.7 shows the results of this analysis for the
235 students who answered the five similar questions on both the pre- and post-tests.
It also shows the number of the number of students who made a transition between
the different categories after the initial instructional activities.

We see that there was a general improvement in students’ thinking. More students
consistently applied the correct “change” idea after this initial instruction. There
is a great deal of room for improvement, however, since 36 % (85 of 235) is still
fairly low and includes a number of students who were unable to interpret this idea
successfully to arrive at a correct answer. Still, for less than an hour and a half of
initial instruction, this is a start.

The idea used most consistently on the pre-test by students was that induced emf
is proportional to the strength of the field or flux present. A third of these students
made a transition to using a consistent “change” idea on the post-test. About half
of the students who began with a strong field idea ended up using a mix of ideas.
It is possible that these students are in an intermediary state on their way to a
better understanding of the “change” idea. [44] Further evidence of the mixed state

as an intermediate state of understanding is emphasized in Figure 4.8. 17 % of the
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Figure 4.7: Evolution of students’ ideas concerning magnetic induction as a result
of their initial (laboratory) instruction. Results shown are for 235 students whose
matched pre- and post-test data could be analyzed. Columns show the numbers
of students using each idea consistently before and after the laboratory instruction.
Students using any one idea fewer than 4 times on the set of five questions are clas-
sified as “mixed.” Arrows show the numbers of students making transitions between
categories.
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students (40 of 235), overall, went from using one idea consistently (at least 4 of 5
times) to using a mix of ideas. (Only one of these was a transition “backwards” from
a consistent “change” idea to a mixed state.) 24 % of the students (56 of 235) went
from using a mix of ideas to using one idea consistently. Only six of these students
began using the field or flux idea consistently. The majority (20 % overall) started to

use the correct change idea consistently, although not always correctly.

- 17 % ] 20 % ]
Consistent > Mix Consistent
. I
incorrect of correct
idea ideas ~ ] idea
4 9% - 1%

Figure 4.8: For some students, use of a mix of ideas may serve as an intermediate
state of understanding.

The following is an example of one student whose explanations went from a mix
of ideas to a good “change” idea. On the pre-test, he says:

Question 1: No Answer

Question 2: P < Q “it has to be in motion to induce a current”
Question 3: P > Q “P’s field is stronger”

Question 4: P = Q = 0 “has to be in motion”

Question 5: P > Q “I guessed.”

On the post-test, he says:

Question 1: P > Q “if the coil + magnet have the same v, there is no change
in flux”

Question 2: P = Q = 0 “there is no change in flux for either case”

Question 3: P > Q “change in flux is greater at P because the field is stronger”
[Note incorrect interpretation.]
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Question 4: P < Q “if the current stops, there is a brief change in flux”

Question 5: P > Q “no change in flux in Q.”
Another example of a student making a transition to a consistent “change” idea is
the following. On the pre-test he said:

Question 1: P = Q # 0 “Seems like that’s right”
Question 2: P < Q “You are increasing the potential (of mag. field) by moving
left [sic)”
Question 3: P > Q “Stronger magnetic field in P”
Question 4: P = Q # 0 “They are at the same potential”
Question 5: P > Q “I have no clue.”
On the post-test, he says:

Question 1: P > Q “Flux is changing in P, not Q”

Question 2: P = Q = 0 “No change in flux”

Question 3: P = Q # 0 “Change in flux is equal” [Note incorrect

interpretation. |

Question 4: P < Q “There is a change in flux in Q, not P”

Question 5: P > Q “There is a change in flux in P since area is changing.”

Only nine students in the consistent “field or flux” category continued to apply
this idea consistently after instruction. This analysis shows that very few of the
students consistently applied a motion idea to all of these questions. This agrees with
the analysis shown in the previous section where the motion idea was more common
on the first two questions individually. Figure 4.7 also shows that while the number
of students consistently using a motion idea for the whole set of questions does not
change much as a result of the initial instruction, it is not the same students who are
using this idea consistently. Instead, it seems that the students who originally had a
strong motion idea moved to using correct or more mixed ideas after the instruction.
Meanwhile, a few of the students who began with mixed ideas or “current” ideas

developed a stronger “motion” idea. Since the “motion” idea does give the correct
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answer in a number of common induction situations, it is possible that this idea may

also serve as a stepping stone on the development of understanding about induction.

The following shows an example of one student who progressed from a “motion” to

a “change” idea. On the pre-test, he says:

Question 1:

Question 2:
Question 3:

Question 4:

Question 5:

P < Q “B field only affects moving charged particles, and only in Q
are particles moving relative to B”

P < Q “same as above”

P > Q “A stronger field will have more effect on moving the
particles (e™)”

P > Q “Just as switch is closed, the B field is moving (only very
slightly)”

P = Q = 0 “B field is not moving in or out of the plain [sic] of the
loop.”

Note the responses to the first three questions may be a Lorentz force idea. How-

ever, it is not applied correctly in Questions 2 and 3. On Questions 4 and 5 he uses

the idea of a moving field. Again this is not consistently correct. On the post-test he

consistently uses a “change in flux” idea, although he misinterpreted it in Question

3. He says:

Question 1:

Question 2:

Question 3:

Question 4:

Question 5:

P > Q “In the first case, there is relative motion between the
magnet and loop. In Q, there is no relative motion which means no
APhi, no current, so bulb won’t light”

P = Q = 0 “In both cases, there is no motion, so there is no change
of flux and no current. Neither bulb will light”

P > Q “Because the field is stronger in P, a given velocity will result
in a greater change in flux, which means more current and a brighter
light.” [Note mistaken interpretation.|

P < Q “For a split second, current is diminishing, which results in

a variable B field. This results in a change in flux and an induced
current.”

P > Q “In P, the angle # between B and n is varying. Because 6
results from a dot product, the flux is changing and a current is
induced. In Q, the angle is constant, so APhi = 0.”
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Finally, we see that the largest number of students fell into the “mixed” category.
Some of the most common answer patterns for the five questions were vv BI B, v
v BIv, and v v BId/dt. For example, one student who was classified as vv B1lv

answered this set of questions on the post-test as follows.

Question 1: P > (Q “Because in P the magnet has a velocity and the loop is
stationary, so a charge [sic] is induced. In ), magnet and loop move
together at same v = no induced charge [sic]”

Question 2: P = Q = 0 “The magnet is not passing through the loop in either
case, and is at rest in both cases, so neither bulb is lit”

Question 3: P > Q “P is greater than () because P has a stronger magnetic field
and therefore a stronger magnetic flux, so bulb P is brighter”

Question 4: P > Q “P is brighter than () because there is a constant current
flowing through, whereas QQ has no current”

Question 5: P > Q “P is brighter than (Q because in Q, there is essentially no
velocity, however in P—there is a velocity”

An example of a student classified as v v B I B is the following.

Question 1: P > Q “Q is basically stationary (no current)”

Question 2: P = Q = 0 “no current, no movement”

Question 3: P > Q “the magnetic field is more dense in ‘P’ ”

Question 4: P > Q “no current at all in ‘QQ’”

Question 5: P < Q “in ‘P’ the magnetic field is to L to w(B L ds =0).”

Even these most common “mixed” response patterns were given by only about ten
students each on the post-test. In fact, 53 % of the students used a mix of ideas, but
not necessarily the same mix. There were 53 different combinations of mixed ideas on
the pre-test and 62 different combinations on the post-test. Only one student used a
different idea to answer each question. (This was on the post-test.) Students’ mixed

states will be described in detail in the following section.
4.2.3 “Model Analysis” of Students’ Mixed States
The third research question is related to students’ mixed states. How can we

characterize the most common mixed states and how prevalent are they? In his
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dissertation [30], Bao presents a method to analyze how often and how consistently
students apply each of a set of ideas on a set of questions concerning one physics
concept. His method essentially applies the formalism of quantum mechanics’ density
matrices to physics education research data. He describes the method in terms of
student models. Note that the use of the word “model” here implies that research
has observed the idea to be applied by many students repeatedly—not that any
individual student necessarily has this one robust idea that is applied consistently
to all of a set of questions on the topic. The Model Analysis method allows for
the fact that students may have multiple models or ideas that get triggered for the
same topic, depending largely on the specific features of each question. In fact, one
value of the method is to help determine the degree to which each model is used by
students for the topic of interest, and to what degree individual students do seem
to be applying more than one model (called a mixed state). Here we use the term
“idea,” instead of “model,” as a reminder of the fact that they are not necessarily
complete or consistently-used by students.

We used this method to determine the states of students’ understanding of mag-
netic induction both before and after their initial instruction—particularly the degree
to which they were in a mixed state of using the five previously-identified ideas for
this set of questions. These five models or ideas form the basis of the model space.
As described in more detail earlier in Section 4.2, these ideas are that emf is propor-
tional to (1) a change (whether in field, flux, area, or something more vague), (2)
the strength of the magnetic field or magnetic flux, (3) motion of some sort, or (4)
the amount of current present due to a source such as a battery. The final category

includes any other ideas students applied, as well as responses that gave explanations
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that were not complete enough to classify into any of the previous categories. In this

analysis, we define each main idea as a basis vector.

1 0 0
0 1 0
e, = ‘Change’ = | 0 |,eg="‘Field or flur'=| 0 |,es=‘Motion’ =| 1 |,
0 0 0
0 0 0
0 0
0 0
e, = ‘Current' = | 0 |,and e5=‘Other’ = | 0
1 0
0 1

The state vector describing the k%" student’s understanding of induction can then be

represented as
|11k> = Q1% |e1) =+ ao |62> =+ asg |e3) =+ a4 |e4) =+ asg |e5) (41)

where the a’s are coefficients related to the relative strengths of each idea for the k%
student.

Bao’s method recommends that, for each question on the topic of interest, each
multiple-choice answer corresponds to only one model so that it is clear from students’
answers which model they applied to each question. He then describes a way to
estimate the uncertainty due to students mistakenly choosing an answer that does
not correspond to the model they were actually attempting to apply. Our pre- and
post-test questions do not have that feature. Some ideas could be interpreted in
different ways leading to several different answers and some of the answers could
logically be chosen as a result of applying several different ideas. However, since we
also required students to explain the reasoning behind their selections, we were able
to categorize students’ ideas based on their explanations rather than on their selected
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answer. This eliminates any misclassifications of students’ responses due to mistakes
in circling particular answers. Only twenty-one of the 2350 circled responses were
inconsistent with the explanations given. In these cases, we classified the responses
based on the explanation rather than on the circled answer, since we felt that was a
more reliable indication of students’ thinking. It is possible that these students had
changed their mind and circled a new response corresponding to the application of
a new idea without taking the time to alter their explanation. However, overall less
than 1 % of all of the responses involve this uncertainty. The larger uncertainty in the
classifications in our case is due to insufficient or unclear explanations. We estimate
this to be about 10 % overall for this set of data distributed evenly over all of the five
idea categories.

To proceed with the Model Analysis, one first constructs the student model re-
sponse vector for each student. When normalized, it describes the fraction of time
that the student applied each idea to this set of questions. In a sense, this corresponds
to estimates of the probabilities that an individual student would be triggered into
each model. The student model response vector, ry, is given by

Nk
T2k
r,=| na | k=1,2,...,N (4.2)

Nag
N5k

where N is the number of students in the class and n;; is the number of times the k%
student used the i** physical idea to answer the set of m questions on the concept of
interest. The student ‘model’ vector, uy, is then the square root of the normalized

student model response vector, r. (Its components correspond to the probability
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amplitudes.) That is,

Uik VALY
U2k 1 VAL
u;, = U3k = — v/ N3k = |11k> (43)
Uag \/ﬁ vk
Usk v/ Tsk

Once the data has been classified, we then construct a density matrix for each
student. The k" student’s individual model density matrix is then given by Equation

4.4.

N1k VTEN2k  /TEN3k  /MkNak  /N1kNsk

1 | VParn ok V2kN3e  /MakNar  +/M2kNsk

Dy = |ug) (ug| = - VT3kNk  +/T3kN2k N3k VT3kMar  /Meense | - (4.4)

VTR /TugN2k /a3 T4k NI

VTsEME /TskN2k A/TskM3k  A/Ti5k Tk N5k

The diagonal elements correspond to the fraction of time the student used each
idea (change, field or flux, motion, current, or other, respectively) to answer the set
of questions are the diagonal elements of the matrix. The off-diagonals are the square
roots of the products of the corresponding diagonal elements. These off-diagonal
elements are therefore some measure of the degree to which students used both of the
corresponding ideas to answer this set of questions. For example, if a student answered
the five questions using B, v, B, I, and B, ideas respectively, the corresponding student

density matrix would be
0 0
V3 V3

D, 1 1 (4.5)
1 1
0 0

Il
|
jan i eI eI an I an]
] w O
$%
jan i eI eI an I an]

Once all of the individual density matrices are constructed, a class density matrix
is constructed by summing all of the individual ones. At this point the diagonal
elements represent the fraction of time each idea was used by the class on this set of
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questions—this tells you how prevalent each idea was for the class, overall, on this
assessment instrument.

We constructed a section density matrix for each of the sixteen laboratory sec-
tions separately. We then calculated a class density matrix for the sixteen sections
combined. Most lab sections’ matrices showed similar pre-test values and similar im-
provement from pre- to post-test. Two sections—both corresponding to one teaching
assistant who taught both evening sections—had some of the highest fractions of stu-
dents using the correct change idea on the pre-test, but some of the lowest fractions

on the post-test. These sections’ results were included in the class density matrix

anyway, since we cannot be sure what caused these differences. 32

The class density matrices for the pre-test is

0.0766 0.0429 0.0322 0.0190 0.0072
0.0429 0.4643 0.1513 0.1532 0.1260
Deigss—pre = | 0.0322  0.1513 0.1874 0.0678 0.0607 (4.6)
0.0190 0.1532 0.0678 0.1444 0.0539
0.0072 0.1260 0.0607 0.0539 0.1259

and the class density matrix for the post-test is

0.4929 0.1594 0.1147 0.0228 0.0440
0.1594 0.2295 0.1345 0.0490 0.0489

Detass—post = | 0.1147  0.1345 0.1998 0.0307 0.0464 |. (4.7)
0.0228 0.0490 0.0307 0.0430 0.0143
0.0440 0.0489 0.0464 0.0143 0.0685

32Their inclusion brought the fraction of time students initially used the correct “change” idea on
the post-test down from 53 % to 49 %. It changed the fraction of time students used the other ideas
by 1 or 2 % each. It also affected the eigenvalues and components of the eigenvectors in the second
or third decimal places. There is a training session for the laboratory teaching assistants each Friday
before the following week’s lab. At the session for this lab, the author led the training and stressed
the purposes of the activities (initially letting students develop their own change in flux idea, and
then the need to continually emphasize this idea in the subsequent applications) and ways to engage
students without lecturing. However, while the labs are often intended to be largely guided-inquiry
in nature, there is no rigorous weekly training to explicitly develop this skill for the TAs. Further,
attendance is not required at the training. The lab instructor whose sections performed differently
on the tests did not attend the training sessions due to a schedule conflict and felt comfortable with
the labs since he had taught most of them before. He was given a written summary of the important
issues discussed at the training for this lab.
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The diagonal elements reflect the fraction of time that the class of students applied
each of the main ideas previously identified: “change,” “field or flux,” “motion,”
“current or battery present,” or “other,” respectively. We see that on the pre-test,
given immediately prior to any formal instruction on induction, the dominant idea
used was that the brightness of the bulb would be directly related to the strength
of the magnetic field or flux in the region. The fraction of students who applied
a reasonably correct idea is very low (0.0766 shown in the top left corner). About
thirteen percent of the time students either did not respond to a question or did so
in a way that could not be classified as one of the four main ideas. This number is
small enough that it seems reasonable to conclude that the four main ideas previously
identified are sufficient to serve as a basis set to describe most students’ understanding
of induction.

We see that on the post-test, the results shifted in the desired direction. The
number of times students applied a correct idea increased substantially. Use of the
largely incorrect flux or field idea decreased substantially as well. The “motion” idea
seems largely unchanged. This could be due to the fact that it can give correct results
in many cases, and is often simpler to describe since it is more familiar. As stated
previously, it is possible that some students’ explanations involve motion when this
can be done correctly and only involve changes in flux when the motion idea is more
difficult (or unreasonable) to apply. In any case, of all of the alternative ideas for
students to use, the motion idea is the most successful. So overall, this analysis
method shows a general improvement in students’ understanding of induction after

this initial laboratory instruction.
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So far these results have already been discussed in the previous methods of analysis
of this data in Sections 4.2.1 and 4.2.2. What the Model Analysis method can now
show is how consistently students were using their ideas. This information is contained
in the oft-diagonal elements of the density matrices. Small off-diagonal elements
correspond to most students applying single ideas in response to the whole set of
questions. (In fact, if every student used only one idea to answer the whole set
of questions then all of the off-diagonals would be zero. If every student used the
same idea to answer every question, its corresponding diagonal element would be one
and all other diagonal and off-diagonal elements would be zero.) Larger off-diagonal
elements arise when many students use a higher number of ideas to respond to the
set of questions, rather than applying one idea consistently. For the pre-test, we
see that the largest mixing occurs between the “field or flux” idea and each of the

N«

other “motion,” “current,” and “other” ideas. That is, more students were using

combinations of these ideas to answer the set of questions on the pre-test. On the

Y

post-test, the mixing seems to occur more between the “change,” “field or flux,” and
“motion” ideas.

Note that the size of each off-diagonal element is limited to a maximum of the
square root of the product of the two corresponding diagonal elements. This would
correspond to as many different individuals using those two corresponding ideas as
possible while still being consistent with generating the measured value of the diagonal
element. So, to compare the amount of mixing between ideas, it is best to determine
how large each actual off-diagonal value is relative to this maximum value. This

is what Bao calls the “relative model mixing rate.” [p. 80] Equations 4.8 and 4.9

show the relative model mixing rates for each pair of ideas for pre- and post-tests,
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respectively. For example, in the case of the pre-test, the maximum possible mixing

that the “change” and “field or flux” ideas could have is for this set of students’

responses is v/0.0766 * 0.4643, or 0.189. We see the measured value, 0.0429, is 23
% of this. Similarly, on the post-test, we see this off-diagonal element turns out to
be about 47 % of its maximal mixing rate. This shows that more students more
frequently applied both the “change” and “field or flux” ideas in answering the five

questions on the post-test.

- —— 0.23 0.27 0.18 0.07

023 ——--— 0.1 0.59 0.52
MizingRatesye = | 027 051 ——— 041 040 |. (4.8)
0.18 0.59 041 ——— 040

0.07 0.52 0.40 040 ——-—

——— 047 0.37 0.16 0.08

047 ——— 0.63 0.49 0.39
Muizing Ratespost = 0.37 063 ——-— 0.33 0.40 . (4.9)
0.16 0.49 033 ——— 0.26

0.08 0.39 0.40 0.26 ———

This information is similar to that shown by a dominant eigenvector which will
be described later, but the relative model mixing rate can give indications of whether
students seem to be mixing any two particular ideas—even without decomposing
the density matrices into their eigenvectors and eigenvalues. For example, we see
from Equations 4.8 and 4.9 that more students mixed “field” and “motion” ideas
than “motion” and “current” ideas, especially on the post-test. Also, we see that the
students using the “change” idea tend to mix it with “field” or “motion” ideas moreso
than with the “current” or “other” ideas. Finally, note that while the off-diagonals
between the “field” and “current or battery” ideas decreased very dramatically from
pre- to post-test, it only changed from being 59 % to 49 % of the possible mixing.
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This means that the while the number of times the “current” idea was used decreased
overall (as indicated by its diagonal element), this idea is being used by students who
also used a “field” idea about the same proportion of the time as it was on the pre-test.

To determine the characteristics of the most prevalent mixed states of students
before and after their initial instruction, one can calculate the eigenvalues and eigen-
vectors of the assessment operators on this class of students before and after instruc-
tion, corresponding to the observed class density matrices. This is done by solving

the Schroedinger equation,
E|U) = E|¥) (4.10)

where EI corresponds to Dgjgss—pre and EF corresponds to Dijgss—post-

As Bao describes, an eigenvector of the density matrix is “a weighted average of all
the individual student model vectors with weights equal to the agreements between
the eigenvector and the single student model vectors. Therefore, the class model
states represented by these eigenvectors are the set of states that most resemble the
salient features of all the individual student model vectors.” [p. 72] The eigenvalues
then are a measure of how strong these features are. The eigenvalues are the fractions
33

of the students in the corresponding eigenstates.

The eigenvectors for our pre-test class density matrix are

FEigenvectorsye = [¥r) =

33Note this is a property of eigenvalues in statistical quantum mechanics involving density matrices.
In traditional quantum mechanics, the size of the eigenvalue does not imply anything about the
probability of a system to be found in the corresponding eigenstate.
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0.8576 0.0974 0.2107 0.1472 —0.4347

—0.0857 0.8171 —0.4307 —0.2486 —0.2788
—0.2741 0.3654 0.8760 —0.1334 —0.0794 | (4.11)
—0.0885 0.3346 —0.0092 0.9153 0.2059
0.4175 0.2783 0.0519 —0.2470 0.8274

Their corresponding eigenvalues are
Eigenvalues,.. (Er) = 0.0635, 0.6428, 0.1237, 0.0814, 0.0873. (4.12)

They were calculated using Matlab. There is one dominant eigenvalue. The cor-
responding eigenvector is the column shown in bold. The eigenvectors can also be
thought of (and represented as) a linear combination of each of the appropriately-
weighted basis ideas—each corresponding to one of the five main ideas previously
identified). Here, we see the dominant eigenvector’s largest component is that of the
“field or flux” idea. Its smallest component is that of the correct “change” idea.

The eigenvectors for the post-test class density matrix are

Eigenvectorspes = V) =

0.8002 —0.5948 0.0614 —0.0470 —0.0021
0.4509 0.5166 —0.6580 0.2728 0.1499
0.3625 0.5644 0.7164 —0.0427 0.1869 | .(4.13)
0.0887 0.1726 —0.2170 —0.9534 —0.0792
0.1309 0.1762 0.0540 0.1122 —0.9676

Their corresponding eigenvalues are
Eigenvalues,ys: (Er) = 0.6444, 0.2260, 0.0802, 0.0298, 0.0533. (4.14)

Again there is one dominant eigenvalue. Its corresponding eigenvector, shown in
bold, has the correct “change” idea as the largest component. The “field or flux”

component is approximately halved, and the “motion” component remains about the
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same. Overall this is definitely a shift in a direction toward better understanding.
However, since the eigenvalue represents the fraction of students described by the
corresponding eigenvector, we see that on both the pre- and post-test, these only
describe about 64 % of the students in the class. To investigate further details about
the rest of the students in situations for which the dominant eigenvalues are 0.65
or less, Bao recommends the use of model-based cluster analysis[30]. One can also
consider the eigenvector corresponding to the next largest eigenvalue to be a correction
to the dominant eigenstate in the model space.[30]

Other features of students’ mixed states are also apparent in the eigenvectors.
For example, three of the post-test eigenvectors (including the dominant two) have
strong components corresponding to the first three ideas (change, field or flux, and
motion). This implies that the most prevalent mixed states have the largest mixing
between these three ideas. In contrast, the remaining two post-test eigenvectors (each
with small eigenvalues) reflect the relatively low use of the “current” or “other” ideas

separately.

4.3 Students’ Understanding Partway through Instruction

In the Autumn quarter of 1999, students in the calculus-based introductory physics
course had one recitation quiz on induction after some instruction on the topic. By
the day of the quiz, all students had been exposed to the first lab that introduced the
topic of induction as well as two lectures and one recitation on this topic. Because of
the way labs are schedule throughout the week, four of the sixteen lab sections had

also met for the paper-and-pencil “tutorial” activities described in Section 3.4. (The
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other lab sections met later in the week and did the magnetic car activities described
in Section 3.3.)

One of the questions on the recitation quiz, shown in Figure 4.9, was modified
from one posed in the end-of-chapter “Questions” of the text for the course ([11],
p.775). Students are first asked to compare the magnitudes of any emfs induced at
the instants shown. Next, they are asked to indicate the directions of any induced
currents. Students were asked to explain their reasoning for the first part, to provide
us with a clearer view of what ideas they were applying to make their comparisons.
Due to time constraints on the quiz, students were not asked to explain their reasoning
for the second part. Since most students therefore did not provide their reasoning
(and because this part emphasizes Lenz’s Rule rather than Faraday’s Law) it will not
be discussed in detail here. The common difficulties were similar to those mentioned
previously, for example, using the original magnetic field rather than an induced field
in the right-hand rule, or thinking that the induced magnetic field always opposes
the original field.

Part a) of this question is intended to probe students’ understanding of Faraday’s
Law in one context. For this question, the area through which there is magnetic field
is changing at instants 2, 4, and 6. The magnetic flux is changing at a greater rate
at Instant 4 since the area with field directed out of the page is decreasing and the
area with field directed into the page is increasing. These two effects reinforce each
other. For the other instants shown, flux through the loop is not changing.

Student performance on this question is shown in Table 4.4. Of the 251 students,
about one quarter gave the correct ranking (4 >2=6>1=3=5=7=0). Of

these, most gave a reasonable explanation in terms of change in flux. Nine students
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The diagram shows two regions of uniform magnetic field of equal magnitude. In
Region I, B is out of the page, while in Region 11 B is into the page. Everywhere
outside Regions | and Il the field is zero. (Ignore any fringing effects of the fields.) A
small conducting loop is being pulled with constant velocity. It is shown at 7 instants
in time.

Region | Region Il

X X X X X X X X X

oo X X X
O OO QelaaeD O

X X X X X
> —p. ..—»xxx—x—kxx + —p
Vv Vv \VJ Vv
1 2 3 4 5 6 7

a) Rank the magnitudes of the emf induced around the loop at each instant shown.
(If any are the same or zero, state that explicitly.) Explain your reasoning.

b) Indicate the direction of any induced current in the loop at instants 2, 3, and 4.

Figure 4.9: Recitation quiz question on induction partway through instruction. (Mod-
ified from Halliday, Resnick, and Walker [11]. Question # 31.3.) A second version of
this question was given in the second section of this course. Part a) was unchanged,;
part b) asked about Instants 4, 5, and 6
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Student reasoning ‘ Correct answer | Incorrect answer

“Change” ideas 23 27
“Field” or “fux” ideas 0 36
Other ideas 4 10

Table 4.3: Student performance, in percentage, on part a) of the recitation quiz ques-
tion on induction. (N = 251.) (We estimate that 5 % of the response classifications
are uncertain—spread evenly over the categories.)

gave no explanation. (These are classified in the “other ideas” category.) Another 27
% of the students (68 of 251) attempted to use a change in flux idea, but misapplied
it. (See Figure 4.10.) For example, 20 of these students said that the change in flux
at Instant 4 is zero. Some of these explained that the effects cancel since the loop
is entering one field and leaving the other. Others explicitly said that the net flux
is zero at that instant, so the change in flux would be zero also. 3% This difficulty
was seen on other questions as well (c.f. the Generator exam problem that will be
described in Section 4.4.4).

Some students explicitly used the math representation to justify this idea. For

example, one student stated at Instants 1 and 7 the flux is zero, therefore “2—2 =0."

She went on to say that at Instants 3 and 5, “dB =0 so € = % = (0.” While this

shows a lack of understanding of the math representation, the physics is essentially
correct. However, she then says the emf is zero at Instant 4 since the field is zero there.
This is a case where a misinterpretation of the mathematical representation reinforces

34Many students’ explanations stated that the emfs at Instants 1 and 7 were zero since there
was no magnetic field there. While this is strictly true for these instants, it is misleading since the
relevant issue is that because there is no field at those locations, there is no change in flux through
the loop. Since many of these students were then able to correctly explain the other situations in
terms of change in flux, it is likely that many of these students were just leaving some steps out
of their written explanations. But instructors need to probe carefully to identify those who seem
unable to recognize that the flux can be changing even at an instant when its value is zero.
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an incorrect intuitive conceptual idea. It seems that a better understanding of the
math representation might better help this student reason about this situation—or

at least prevent her from being misled.

/Application of incorrect idea

cad
and
® =0
™
sa‘fi—‘f

Incc:Bect application of
correct idea (either
conceptually or
mathematically)

Figure 4.10: Schematic of two separate paths of students’ reasoning that arrive at the
same incorrect response at Instant 4 of the question shown in Figure 4.8.

Further examples of students’ struggles to interpret the correct “change” idea are
the following. Two students said that a change in direction does not count as a change.
For example, at Instant 4, the “magnitude = 0, because even though the directions
of the B-fields are changing, the area + magnitudes aren’t.” Perhaps these students
are misled by the fact that flux is a scalar quantity, or that the question asks about
the magnitude of emf induced. Nine students said Instants 3 and 5 have a non-zero
change in flux. Most of these students did not give more detailed explanations, but

it is likely they are thinking of new field lines entering the loop as it moves. As one
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student says at instants 3 and 5, the “change is huge moving through x field lines.”
Another student wrote Faraday’s Law, but misinterpreted it to say that “...as time
increases = ¢ decreases” and so Instant 2 >3>5>6(>1=4=7=0). Thisisa
rather extreme example of a misinterpretation of the mathematical representation.
Some students mixed in the idea of motion, which in this case can lead to incorrect
answers. The most extreme example is the student who said that all instants would
have the same induced emf since the velocity is the same at all instants. For other
students, the influence of the motion idea is more subtle. For example, one of the
students described Instants 3 and 5 as having the highest emfs (3 =5 > 2 =6 >
4 =1=17=0) because “Faraday’s Law states that an emf is produced only when
there is movement to or from a magnetic field or when there is a change in magnetic
field.” This verbal representation, while not necessarily wrong as stated, mixes in
motion in a superficial way. This student seems to lack a deep understanding of the
concept and does not interpret his rule successfully. The motion idea is occasionally
connected to the flux idea as an implied flow of field through the loop. This may
lead to incorrect answers. For example, one student said that Instants 3 and 5 have
the largest emfs because “more ®p is passing through the ring” and that Instant 4
has no emf since the net flux is zero—presumably this corresponds to no flux flowing
through the loop. This student’s explanation of Instants 2 and 6 warrants a note of
caution. She explains that “Instants 2 and 6 are the same because “v is the same as
is the ®p.” In isolation, this explanation may appear sufficiently correct, although
not exemplary, and does give a correct answer. However, in light of her further

explanations of Instants 3, 4, and 5, it appears this student may have been imagining
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an incorrect idea at instants 2 and 6 as well. This illustrates the benefit of having
students rank multiple instances and evaluating all of the student’s reasoning.
Again, the most common incorrect idea used is that the emf induced at each
instant is proportional to the amount of magnetic field or flux through the loop at
that instant (3 =5 >2 =6 >1=4 =7 = 0). In fact, the “field or flux” idea
was used more for this question (after more instruction) than on the lab post-test
described in the last section. This question was more difficult for students in terms
of successfully interpreting the correct “change” idea as well. While the number of
times the correct idea was used remained about the same as on the lab post-test (at
just over half of the time for both), over 50 % of these attempts were unsuccessfully

interpreted here, compared to 11 % previously.

4.4 Students’ Final States

After the recitation quiz was given, students had additional homework on induc-
tion and several lectures on self- and mutual induction. The later lab sections also
had their second lab experience on induction—the experiment problem lab described
in Section 3.3. The topic of induction is the last one covered in the quarter. So
the best information on students’ final understanding is their performance on the
final exam—even though time constraints during the exam prevent the use of a large
number of questions.

In the Autumn quarter of 1999, there were two questions on magnetic induction on
the final exam for each of the two sections of the course. The results for each of these
will be discussed below. In addition, results from a quantitative final exam question

given in Spring 1998 will be discussed. Note that students are given ‘equation sheets’
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to use on the final exams, listing the major equations from the course. Also note
that the lecture instruction during Autumn 1999, as typical in other quarters as well,
was given by a very enthusiastic instructor (who was not part of this research). He
taught in a fairly traditional way, but put a great deal of effort into emphasizing
critical issues and pitfalls in learning about induction. Throughout the instruction,
demonstrations were used to illustrate key ideas—for example that change in flux,
rather than the presence or amount of flux itself, is required to induce an emf or
current. The instructor to great care to describe the processes in the demonstrations
in terms of the underlying idea of change in flux. He then solved related quantitative
problems. He engaged students to determine which area was relevant for substitution
into Faraday’s Law in different situations. He drew images of loops at times ¢ and
t + At as they entered a uniform magnetic field to emphasize a visual comparison of
the change in flux. (This was visually similar to some of the exam problems.) He

warned students that this topic is often difficult for many students on the final exam.

4.4.1 Five Rectangles Final Exam Question

One of the problems given on the final exam of one section of the course in the
Autumn quarter of 1999 was a second modified version of the problem from the

Tutorials in Introductory Physics [17], described in Section 4.1. The version used on

this final exam is shown in Figure 4.11. Five rectangles of wire are moving with the
same velocity into a region of uniform magnetic field. Students are asked to rank the
magnitudes of the emfs induced in each and explain their reasoning. In part b), they
are asked to show the directions of any induced currents. First we will discuss the

results of part a) which deals with Faraday’s Law.
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Five conducting loops, with dimensions as shown below, are being pulled with the same
constant velocity into aregion of uniform magnetic field directed out of the page (®).
Ignore any fringing effects of thisfield and any interactions between loops.

a) Rank the magnitudes of the induced

emf around each loop at the instant shown.

(If any are the same or zero, state that
explicitly.) Explain your reasoning.

b) For any loop that has an induced
current, indicate the direction of that
current. (If any are zero, state that
explicitly.)
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Figure 4.11: Five Rectangles final exam question given in Autumn quarter 1999
(modified from Tutorials in Introductory Physics [17], p. 94).
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Student reasoning ‘ Correct answer | Incorrect answer

“Change” idea 42 30
“Field” or “fux” idea 0 17
Other ideas 2 9

Table 4.4: Student performance, in percentage, on part a) of the Five Rectangles
final exam question on induction. (N = 121.) (We estimate that 5 % of the response
classifications are uncertain—spread evenly over the categories.)

A correct response to this part of the question would be that the magnitude of
the emf induced in Loops 1, 2, and 4 would be the same since the rate of change
of magnetic flux is the same for each at the instants shown. Loop 5 will gain twice
as much field in the same time interval since its width is twice that of Loops 1,
2, and 4. Therefore the magnitude of its emf is greatest. Loop 3 experiences no
change in flux since it is already entirely within the field. Thus a correct ranking is:
5>1=2=4>3=0.

A summary of students performance for part (a) of this question is shown in Table
4.5. Of the 121 students who took this exam, 44 % got this part of the question
correct. Only three of these students gave no explanation. The others’ explanations
all involved the idea of change in flux in some form. For example, some specified
that the area in the field was changing and several others described how many field
lines were entering at the leading edge. Four students used the term “flux” in their
explanation in a way that was consistent with the idea of “change in flux.” This
difficulty with language was seen in a small number of students’ responses on almost
every question of the exam and will be discussed further in section 6.1.1).

Overall, 73 % of the students used some form of a “change” idea in their ex-

planations for part (a) of this question—an improvement from the recitation quiz.
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However, only 57 % of them (the 42 % overall described above) were able to interpret
and apply this idea correctly. The rest, about 37 students (or 31 % overall), correctly
used the “change in flux” idea to conclude that Loop 3’s emf would be zero, but were
not successful in ranking the rest. Some seemed to use a consistent but incorrect
“change in flux” idea. For example, nine students seemed to base their magnitude
rankings on the amount of area that was outside of the field—the “area left to enter”
and therefore left to experience a change (5 > 1 > 2 =4 > 3 = 0). It is likely
that these students are confusing an instantaneous rate of change (asked for in this
question) with an average change over a finite time interval.

Three students who got Loop 3 correct seemed to base the rest of their rankings
on the total area of the loop (4 =5 > 1 =2 > 3 = 0). It is possible that these
students were thinking of Faraday’s law in the form e = A 42 (instead of ¢ = B % as

is the case here) and interpreting A as the total area rather than the area in which B

dbp

is changing. For example, one student stated “since £ = — <

and & is proportional
to area, then the ones with the larger areas will have a large ® change, and the one
completely in the field will have no change in flux....” He then listed the total area
for each loop and ranked the emfs accordingly. This difficulty of using the total area
of the loop seems closely related to that of students thinking of the total emf that
would be induced over the whole time the loops enter the field rather than at this
instant, as described above. For example, one student says “4 + 5 have greater area
[therefore| greater change in flux compared to 1 + 2.”

One student had an unusual interpretation of change in flux. Her ranking was

5=2>1>4>3 = 0. Her reasoning was that Loop 3 has no change in flux,

Loop 4 has some but not much since it is “almost totally inside the field.” Loop 1
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“looks like it is getting more of a change in flux than [Loop] 4.” Finally, Loops 2
and 5 are “equal and greatest in magnitude because they both have half of their area
submerged, creating the greatest change in flux.” Her reasoning for Loops 1 and 4
may be the ‘left to change’ idea mentioned previously. However, that reasoning would
imply that Loop 1 has more emf than Loops 2 and 5. Instead, she states explicitly
that being halfway in the field produces the greatest state of change. Another student
ranked loop 1 greater than the others since it had “gone from zero to something.”
These interpretations of “change” may have to do with intuitive ideas of equilibrium
or start/end points.

Many of the other students seemed to mention change in flux, either verbally or
mathematically, and interpret it correctly for Loop 3, but then either did not use the
“change in flux” language for the rest or interpreted it in a way consistent with some
other idea for the rest. For example twelve students who used a “change in flux”
idea to say that Loop 3 has no emf based the rest of their rankings on flux-related
ideas. Most of these students described the amount of area inside the field at the
instants shown (4 > 5> 2 > 1> 3 = 0). A few seemed to use the percentage of
area that was inside the field at that instant (4 > 5 =2 > 1> 3 = 0). For example
one student said “2 = 5 [because| the same amount approx immersed in field, doesn’t
matter about width, same % of area immersed for both.” It is conceivable that some
of these students may be thinking that those loops with more field inside have already
experienced a greater change in flux (from the time that they were all the way outside
the field), confusing an instantaneous rate of change with an average change over a
finite time interval, as described above. It is also possible that these students may be

thinking of the field inside the loop as changing—for example, flowing through the
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loop, or as one student explained, “more area [is| being affected by the B field....”
Other students may simply be unable to separate the idea of flux from that of its
rate of change. However, for any of the above, it is not clear why they would say
that Loop 3 has the smallest (zero) induced emf rather than a large amount since
it is entirely within the field. This inconsistency suggests that these students may
have a two-step thought process for answering questions in which they are to compare
the magnitude of induced emf: first, to decide if any change in flux exists, and then
if so, to determine how large it is. Such a two-step thought process is, in fact, very
useful for induction. So it is very encouraging to see students able to get the first step
correct even if they are not successful at qualitatively determining the magnitude of
the induced emf.

For those students who did not get even Loop 3 correct, the most common incor-
rect idea students used to answer this question was that of emf as proportional to
flux. Twelve students used this explanation for their rankings. Two students used the
related ‘percentage of area with flux’ idea. Another two students used the ‘total area’
idea with a slightly different explanation from that described above. For example,
one said that flux equals B times A, and since B is constant for all, the ones with
larger total area would have larger flux. (Not only is this an incorrect interpretation
of the definition of flux, it is not appropriate to equate the amount of induced emf
with the amount of flux.) This “flux” idea is very strong. In fact, one student began
by stating Faraday’s Law and then correctly derived that, in this situation, the emf
would equal the magnetic field strength times width times velocity. However, he then
stated “we see that induced emf depends on ®, which depends on how much of the

loop’s area is within the B field” and concludes that “the more flux, the greater the

216



induced emf,” giving the ranking 1 < 2 < 3 =5 < 4. So even though he was able to
manipulate the equations correctly, he chose to interpret them to support this “flux”
idea.

Finally, a few students based their rankings on motion ideas. For example, two
students said the rate of change depends only on the width of the loop, so Loop 5 is
the greatest while the rest are equal (5 > 4 =3 =2 =1 = 0). In fact, the rates of
change for Loops 1, 2, 4, and 5 do depend on their widths, however Loop 3 is zero
regardless. These students are relying too heavily on the idea of motion. Perhaps they
are remembering the formula derived in lecture, and appropriate for some induction
problems, where ¢ = BLv (where L corresponds to width). One student said all five
loops would be the same since they all had the same velocity. This is a very strong
“motion” idea!

A correct answer for part b) of this question is that Loops 1, 2, 4, and 5 would
all have a clockwise induced current while Loop 3 would have no current. This is
determined by Lenz’s Rule which states that the current is induced in a direction
such that its corresponding induced magnetic field will attempt to counteract the
change in flux that the loop is experiencing. So here, since the flux out of the page
is increasing as the loops enter the region of field, the induced field must be into the
page. Ome then can use a right-hand rule relation to determine that the induced
current is clockwise.

About 49 % of the 121 students gave the correct answer for this part. Unfortu-
nately, due to time limitations on the exam, students were not asked to explain their
reasoning here. Some students did give correct explanations anyway. One student,

however, indicated that he had answered this way since the induced magnetic field is
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always opposite to the original magnetic field. This confusion was seen on a number
of occasions during informal interviews with students during related laboratory activ-
ities. It may stem from the statement of Lenz’s Rule that the induced magnetic field
opposes the change in the original magnetic field. The words are there, but perhaps
the idea of change is overshadowed by that of opposition. Since explanations were
not required on this question, we cannot report how many students truly understood
this part. About 20 % said the opposite—that Loop 3 had no current but the rest
were counterclockwise. A few of these students gave some indication of why they had
said counterclockwise. There was quite a variety. Two of the most meaningful are (1)
using a right-hand rule with the original magnetic field instead of the induced one,
and (2) using a left-hand rule, as shown in sketches drawn by several students. These
are mistakes that were commonly seen in informal interviews with students during
related laboratory activities.

Ten students gave current directions such as “up,” “down,” or “to the right.”
Again some explanations here involved a right-hand rule with the original magnetic
field, a left-hand rule, or an “opposing motion” idea. At least one student used the
Lorentz force in his explanation; however, his answer is ambiguous since he did not

sketch for which side of the loop the current was “up.”

4.4.2 Two Rectangles Final Exam Question

The original Five Rectangles question (see Figure 4.1) developed by the University

of Washington in their Tutorials in Introductory Physics [17] included a loop moving

vertically upward instead of a loop twice as wide as shown in the previous question.
In preliminary students, we found that many students were able to correctly identify

that the loop moving vertically would have no induced emf—whether because they
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thoroughly understood the physics or because they thought of surface features such
as that this loop was not moving into or out of the field. Therefore we substituted
a loop with a larger width in order to probe students’ understanding that it would
have a larger induced emf even though its velocity is the same as the others’ and its
flux at the instant shown is less than that of Loop 4. However, for completeness, the
aspect of varying the direction (but not the magnitude) of the velocity was included
in a separate question, as shown in Figure 4.12. This was given on the same exam as
the Generator question rather than to those students who were also asked the Five

Rectangles question.

Two identical ‘loops’ are being pulled with the same XOX X XX XXX
constant speed, but in different directions, through a XOXXH K XX

. . . . X X X X XXX
uniform magnetic field directed into the page. Is the v ox x x L w #1
magnitude of the emf induced around Loop #1 greater X X X X X X X X
than, less than, or equal to that induced in Loop #2 at X X X X X X X X ?V
theinstant shown. Explain your reasoning. (If either is | X X X X X X X X
zero, or they are the same, state that explicitly and X X X b #2
explain why.) X X X X X X XX

Figure 4.12: Two Rectangles final exam question given in Autumn quarter 1999.

The results listed in Table 4.6 show that many students were fairly successful on
this question. About three quarters of the 139 students whose data was analyzed®
gave a correct answer with correct reasoning. Many described the change in flux,
while others described the change in area inside the field or the change in field inside
the loop. Fourteen students used the term “flux” in a way that was consistent with

350ne section was unavailable during the data collection.
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Student reasoning ‘ Correct answer | Incorrect answer

“Change” idea 75 6
“Field” or “flux” idea 1 11
Other ideas 2 5

Table 4.5: Student performance, in percentage, on the Two Rectangles final exam
question on induction. (N = 139.) (We estimate that 5 % of the response classifica-
tions are uncertain—spread evenly over the categories.)

the idea of change in flux. (This will be discussed in more detail in Chapter 5.) 81 %
of the students overall (113 of 139) used a “change” idea in their explanations of their
answers. Ten students misinterpreted this idea—most to say that the change was the
same in both loops. Although more detail was not usually given, this is consistent
with thinking of the field flowing through the loop in the direction of the field lines
or of a finite change from the time each loop started to enter the field. A few other
students did not explicitly mention change in anything, but said the two would have
the same induced emf since the “v” was the same for both. A couple of students
seemed to have memorized that emf is induced as a loop enters (or exits) a field.
Thirteen students based their answer on the amount of flux (or number of field
lines) inside the loop at the instant shown, saying the two loops would have the
same amount of induced emf. For example, one student says they will be the same
“because both loops are moving within the same uniform magnetic field and at this
instant there are the same number of field lines in each. The direction might be
different but the magnitudes are equal.” Notice that this student takes the motion of

the loops into account, but thinks this will only affect the directions of the induced

emfs (or perhaps the corresponding induced current).
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One student’s response was very interesting. He said “at the instant shown, I'm
assuming this means neither loop is moving so, the magnitude of the emf is the same
for both loop 1 and loop 2. They = 0 since they are not moving.” This student
is really struggling to reconcile the idea of how something can be moving (changing
locations—Ilet alone changing flux) at an instant in time. In the end, he can’t reconcile
it and states he will assume they are not moving, even though the question clearly

states that each loop has a speed at the instant shown.

4.4.3 Two Triangles Final Exam Question

The Two Rectangles question just described essentially focuses on the issue of
motion related to students understanding of induction. All of the other variables
such as field strength, flux, and speed have the same values in both loops. Only the
direction of the motion is different. So it can assess whether students believe that
the existence of motion is sufficient to induce an emf. For example, our preliminary
studies had shown that some students memorize the result that ¢ = BLv and apply
it in situations were it is inappropriate. Students tendency to generalize results in-
appropriately has be reported by others (c.f. [24]). But, as mentioned earlier, the
vertically moving loop in the question above (and on the original Five Rectangles
question) does not seem to provoke this response as often as it was heard in informal
discussions with students, and seen on quantitative problems such as one given on
the Spring 1998 final exam, discussed later. Perhaps this is because the very different
direction of the loop causes the students to consider it very carefully compared to
the other loops. Or, perhaps it is more evidence of the two-step thought process
mentioned above. That is, students first consider—and perhaps visualize—whether
or not there is any change in flux and then separately determine how large a change
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there is in the non-zero cases. So for the vertically moving rectangle, most students
are correctly able to conclude that there is nothing changing.?® However, this does
not necessarily mean that they would not resort to the idea that emf is proportional
to speed if both loops had non-zero emfs.

To better probe this issue, we designed the Two Triangles problem shown in
Figure 4.13. This question depicts a case where both loops are moving with the same
velocities (in the same field) and yet the rates of change of flux are different at the
instant shown. Since the amounts of flux present at the instant shown could not be
made equal while maintaining these unequal rates of change, it was designed so that
the triangle with the larger flux at that instant had the smaller rate of change in
flux. In this way it is more clear when students are using a “flux” idea rather than
a “change in flux” idea even if their explanations are incomplete, non-existent, or

ambiguous (as in the case of using the term “flux” to mean “change in flux”).

Two identical triangular ‘loops’ are being pulled withthe |x x x x x x x x
same constant velocity, v, into a uniform magnetic field X X X X XVX X
directed into the page. Is the magnitude of the emf X XXX QAX X181
. X X X X X [ X X
induced around Loop #1 greater than, less than, orequal to |, , o  y
that induced in Loop #2 at the instant shown? Explain X X X X X_X X X
your reasoning. (If either is zero, or they are the same, x x xVx %2
state that explicitly and explain why.) x x &

X X X X X X X

X X X X X X X X

Figure 4.13: Two Triangles final exam question, given in Autumn 1999, to probe
students’ understanding of the relationship between motion and induced emf.

361t might be interesting to ask a similar question with the vertically—moving loop’s speed two
or even ten times greater than the other’s. This would test the strength of students’ conviction that
the loop needs to be moving into the field to induce an emf. However, this was not given priority
within the limited time and space available for assessment.
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Student reasoning ‘ Correct answer | Incorrect answer

“change” 45 24
“field” or “fux” 0 21
other ideas 3 7

Table 4.6: Student performance, in percentage, on the Two Triangles final exam ques-
tion on induction. (N = 121.) (We estimate that 5 % of the response classifications
are uncertain—spread evenly over the categories.)

Table 4.7 shows students’ performance on this question. Just over half of the
121 students answered this question correctly. Just under half also used what was
considered correct reasoning in their explanations. Another quarter of the students
mentioned the correct idea of change in flux or something similar in their reason-
ing, but were not able to interpret it successfully to arrive at the correct answer.
For example, six students said that Loop 2 would have a greater emf than Loop 1
because it has a greater change in flux or field. Most did not give more detail in
their explanation, but one of these students explicitly said that a greater flux implies
a greater change in flux. In his words, “Since there is more of the B field located
in 2, it has a higher d:%, and thus a greater emf.” One student’s explanation was
somewhat unusual, but did include the idea that emf is induced to try to oppose a
change in flux. She says “#1 < #2 because the change in flux of #2 is greater than
that of #1...The flux wants to remain the same so it’s producing more current out
[her emphasis| of the page for #2 so it can stay the same.”

Ten students said the change in flux or area would be the same for both loops,
so they would both have the same emfs. Again, more detail was not given by some.

However, five students indicated this was because they both are moving with the same

velocity. For example, one student correctly writes “c = B % + A %” and indicates
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that the second term would be zero here. However he then states that the loops’ emfs

4

are equal because “induced emf is relative to velocity....” Either he ignored the math

and continued with his own intuitive reasoning, or he had memorized familiar cases,
such as those for a rectangle entering a field, where % is equal to Luv.

Two students applied the motion idea to conclude that the emf of Loop 1 would
equal that of Loop 2 because their speeds were equal—without using the idea of
change explicitly. To justify this answer, one student says “it doesn’t matter how
much of the loop is or isn’t enclosed w/in the field, as long as they enter @ the same
velocity, the same amt. of emf will be induced (Faraday’s Law).” The other says “the
magnitudes of the emf must be the same since both identical loops are being pulled
into the magnetic field with same velocity.”

One other student is a good example of a student who showed considerable math-

ematical reasoning, yet was not successful on this question. She began by stating that

— d® _ dBA _ BdA

e =4 = %5 = 5. She then tried to represent the area of the triangle in terms of

its length, b, and width, a, which she had labelled on the diagram (see Figure 4.14).

1
She stated that 244 = B w = laBdb

= zaBv. She concluded that &, = & since
“their ® is changing at the same rate” since “both have the same area and velocity.”
We see that she began with Faraday’s Law, and correctly interpreted that the area
(inside the field) was changing for this situation. She then attempted to specify the
rate of change of area, and realized that this was related to its velocity. However,
she incorrectly implied that the width of the triangle where the change was occurring
was the same (length a) for both—that it is constant throughout the whole time the

triangle is entering the field. In fact, for most other situations she had seen, this was

probably true—at least where she had been asked to calculate a value for emf. Yet
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here is a situation where the mathematical representation may not be the most useful
one. A conceptual understanding (rather than a quantitative one) along with a visual
representation may be more effective here since the question asks only to compare

rather than calculate the magnitudes of the emfs.

b
2

Figure 4.14: Unsuccessful student-drawn diagram (recreated on the computer) to aid
in solving the Two Triangles question.

Nine of the students’ responses considered a finite time interval rather than just
the instant in question. Five of these concluded that the emf in Loop 1 would be
greater than that in Loop 2 by considering the area left to enter the field. For example,
one student explained that “in this instance, loop 1 is greater. Loop 2 is farther over
the B field thus decreasing the amount of flux that can change w/time.” Getting
correct answers for such incorrect reasons is why students are required to provide
explanations along with their answers. One could argue that perhaps this should
be counted as correct since it involves the idea of change and generates the correct
answer in this case. However, three of the students applied essentially the same idea
to the area already inside the field to conclude that Loop 2 had already experienced
a larger change and so would have a larger emf. The ninth student said they would

be “equal because they both move from no B field into a B field so there is a change
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in flux.” This student seems only to consider that there has been a change from no
flux to some flux for both.

A few students’ explanations involved the idea that Loop 1 has a greater emf
because it is opposing more change. While this has some of the language of Lenz’s
Rule and could conceivably be a useful way of thinking about induction, it seems very
similar to the “area left to change” idea and was not categorized as correct reasoning
here. One student was possibly more correct when he said “1 > 2 because more of
loop are [sic| outside the magnetic field so it is creating more of a resisting force.” He
is possibly referring to the fact that it would take more force to pull Loop 1 into the
field (at the same speed as Loop 2) since one would need to oppose a larger change
in flux at the instant shown. The amount of force needed to move a loop into or out
of a magnetic field, as well as the fact that the induced current creates a force on the
loop to slow down the motion (thereby decreasing the change in flux), is discussed in
lecture.

21 % of the students’ responses (25 of 121) describe a “flux” idea in some form.
Of these, the majority said Loop 2 would have a greater emf since it has more flux,
more field, or more area inside the field. One student added at the end “neither
loop is zero because they have velocity and a portion in the B field.” This again
suggests a two-step thought process: the conditions under which emf is induced (a
portion of the loop in a magnetic field and motion of the loop) and then the amount
of emf induced (proportional to flux, for this student). Several of these students used
language such as “loop 2 has more field going through” or more “passing through #2

”

creating a bigger flux....” Flux is often described as field through an area, so it is

likely these students are thinking of flux. However, there is the possibility that these
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students are thinking of the field flowing through the loop as a “change” in flux. One
student explicitly said the emf induced in Loop 1 is less than that in Loop 2 because
there is “less flux flowing thru [sic] it.” This student was counted as using “flux”
reasoning because there was no mention of a need for “change.” One student said
that the magnitudes of the two loops’ emfs would be equal since they both have the
same total area. In her words, “they are the same because distance doesn’t matter
and their areas are equal.”

A comparison of Tables 4.6 and 4.7 show that the Two Triangles question was
harder for students than the Two Rectangles question. Given the reasons stated
above for the design of the question, this is not surprising. It is likely that students
are not used to thinking about induction for situations in which loops exhibiting the
same motion—here, both entering a uniform field with the same velocity—do not have
the same change in flux. However, someone with a good understanding of induction
should be able to answer this question. A second case of this is described in the next

section.

4.4.4 Generator Final Exam Question

The last question given to one course section on the final exam of Autumn quarter
1999 asked students to compare the emf being induced by a simple generator at two
different instants (see Figure 4.15). Part (a) of this question is slightly modified from
part of a suggested homework question developed by the University of Washington

Physics Education Group, published in the Tutorials for Introductory Physics [17]

(p.93). The main difference is that the direction of rotation is clockwise to make it
easier for the students to visualize the rotation of the generator from Instant 1 to

Instant 2 (as they read left to right) as they answered the questions. This situation is
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another example where the loops are exhibiting the same motion—here rotating with
constant angular frequency in a uniform field—yet they do not experience the same
rate of change in flux at the instants shown. That is, a constant rate of rotation does

not correspond to a constant rate of change in flux.

The diagrams show a simple generator at two different times. It consists of aloop
with radius R rotating with a constant angular frequency, «w = 30 Hz, in aregion of
uniform magnetic field, B.

Time 1l Time 2
a) Isthe magnitude of the F/\/F/‘ M/F/‘
emf induced around the S S
loop at Time 1 greater than,
%M

less than, or equal to that at
N

Time 2? Explain how you
b) On the diagram to the right, sketch the direction in which
current isinduced in the loop as it rotates from Time 1 to Time

N

determined your answer.
2? If the current is zero, state that explicitly. Explain how you
determined your answer.

) If wwas 10 Hz instead of 30 Hz, would the emf induced in the loop be greater
than, less than, or equal to before? Explain.

Figure 4.15: Generator final exam question given in Autumn quarter 1999 (modified
from Tutorials in Introductory Physics [17], p. 93).

Part (b) was modified to ask about the direction of induced current at a point

between the two instants shown. Part (c) was added to determine whether students
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knew qualitatively that as the loop rotates more slowly, less emf would be induced—
that is, to determine if students realize that in this case induced emf is related to
angular frequency. We expected most students to get this correct. However, we ini-
tially planned to ask a fourth part in which students would calculate the magnitude
of the emf induced at a given instant—to see if they would be able to show quanti-
tatively that emf is related to angular frequency in this case. Formal and informal
interviews with students showed that they often automatically differentiate cos(f)
with respect to 6 rather than with respect to time. (This translates into the omission
of the angular frequency, w from the answer.) We wanted to determine how many
students had a correct qualitative understanding but could not translate that into
a correct quantitative answer. Unfortunately the calculation part was omitted from
the exam to give students more time for the rest of the exam.

Students’ performance on this question is shown in Table 4.8. Overall, only thir-
teen students out of 164 got this question correct. Of these, eight gave correct expla-
nations. One of these was in terms of the Lorentz force. One student gave no real
explanation for the correct answer, and four others explanations were considered in-
sufficient. For example, one said only that the loop at instant two had “turned more”
which possibly corresponds to a finite interval (discussed throughout this work) or a
non-transient, accumulated emf idea similar to that seen in the context of the second
induction lab. Two students said that the loop was closer to the poles of the magnet
at Time 1. This was not counted as correct because it implies that perhaps they were
considering that the field is stronger there.

Seventy students (43 % of 164) attempted to apply some sort of change in flux,

field, or area idea, but did so unsuccessfully. Three of these students explicitly stated
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Student reasoning ‘ Correct answer | Incorrect answer

“change” 5 44
“field” or “fux” 0 42
other ideas 3 6

Table 4.7: Student performance, in percentage, on the Generator final exam question
on induction. (N = 164.) (We estimate that 5 % of the response classifications are
uncertain—spread evenly over the categories.)

that the amount of flux at the instants in question was irrelevant, but still misin-
terpreted the rates of change. Forty-two students concluded that the emf induced
at both instants would be the same. Most of these, about thirty-three students, ex-
plained that this was because the rate of change in flux or area would be the same
(and non-zero). About fifteen of these explicitly mentioned this was because the
angular rotation frequency was constant. For example, one student said “constant
rotation implies constant %....” Another student gave more detail, saying “[the emfs
at Times 1 and 2] are equal because ¢ = —%2 = B 44 in this case since the loop
has a constant angular frequency % is constant at any given time in the rotation.”
[emphasis his| Note that the focus on the constant motion for this case does not lead
to a correct answer.

Eight of the forty-two students said there would be no change in flux, field, or
area at either instant. Reasons for this included that any or all of the field, area, or
angular frequency were constant throughout the rotation. As one student explains,
“.Eind = % and the area of the loop is not changing, the B is uniform so it is not
changing therefore there is no change in magnetic flux w/time therefore the ;,4 is the

same....” One of the students explained that both instants reflect either a maximum

or minimum in flux, so that the change in flux is zero at both. This student is partially
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correct in that the magnitude of the flux is maximum or minimum at these two times.
However, he seems to be neglecting the fact that the flux has a sign associated with
it (even though it is not a vector). Because of this, the minimum flux is actually the
negative value of the maximum flux rather than zero flux. One student described that
the loop would be “cutting through approximately the same number of field lines”
at both instants. Often this “cutting” or “breaking” field lines idea seems to work
reasonably well for the students who use it. A few seem to enter this introductory
college physics course using this idea (correctly). However, it is possible that it is not
effective in this situation since in this case, at Time 1, it is critical to notice that the
field lines go from having a component along the normal to the area to having one
against the normal. That is, the same number of field lines still penetrate the loop,
but the sign of the flux changes——creating a non-zero change in flux at Time 1.
Twenty-eight students attempted to apply some sort of change idea but concluded
that the change, and therefore the emf induced, at Time 2 would be larger than at
Time 1. This includes eight students who said that the emf would be zero at Time 1
since the flux is zero at that instant. For example, one student said “...at t = Time

1 the loop is || with the B and therefore ® = [B-dA = 0. Thus if ® = 0 then

Q_O ”

= Six other students also explained that a greater flux implies a greater

change in flux—either stating that explicitly, or for example, saying that at Time 1,
the “surface area is L to the B field meaning less change in magnetic flux,” or “...more
field lines passing through gives a change in flux, which then gives the induced emf.
As for the loop at time 1, there are not as many field lines passing through if any, so
there is little change in flux or induced emf.” This really seems like a merger between

the flux and change in flux ideas.
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One student came very close to the correct answer. He correctly derived a mathe-
matical solution and concluded that the emf would be proportional to the sine of the
angle between the field and the area. He stated that the sine would be maximized
when the angle was equal to ninety degrees—which he had even labelled on the dia-
gram as the case for Time 1. However, his final answer was that the emf at Time 2
would be larger than that at Time 1. Perhaps he just could not get over an intuitive
idea that the emf would be larger when the flux was larger.

Another student attempted to confirm his answer by using two different lines of
reasoning. Unfortunately both were flawed. He began by stating that there would
be no emf at Time 1 because there is no flux through the loop then [so there is no
change in flux, presumably], while at Time 2 “the flux is changing at some rate....”
He then states that “the current goes one direction the instant before [Time] one and
the other direction the instant after [Time] 1, so the current must be zero at [Time]
1.” To him this confirmed that the emf at Time 1 would be zero. It is not clear why
he felt that the current would change direction at Time 1. The flux does change sign
before and after that instant, but the current does not.

Only two students explicitly mentioned the signs of the emfs even though the
question only asked about the magnitudes. These students would not have been
counted incorrect for this alone. However, they concluded that at Time 1 the emf
would be negative while at Time 2 it would be positive, rather than zero.

Sixty-nine students (42 % of 164) explicitly used a “flux” idea to conclude that
there would be more induced emf at Time 2 compared to Time 1. This is a larger
percentage of the students than on any of the other final exam questions. Most

of these students’ explanations stated that there was more flux, field, or field lines
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through the loop or more area perpendicular to the field at Time 2. One student said
that “at time 1 no B is able to go thru the loop and induce an emf.”

The Generator question was by far the most difficult. Fewer than half of the stu-
dents applied a “change in flux” idea here—even though many of these same students
had used this idea on the Two Triangles question earlier in the exam. Further, the
majority of these students were not able to interpret it successfully to arrive at a

correct answer. The Generator question seems inherently more difficult since

e it involves a changing angle instead of changing B or A (as most problems

students have experienced);

e flux is not changing at a constant rate, even though the angle is. This is also

more rare in students’ experience; and,

e the situation is more difficult to visually compare how quickly flux is changing

at each instant.

4.4.5 Previous Quantitative Final Exam Question

Good performance on quantitative problems is not sufficient to guarantee solid
functional understanding of physics concepts. (c.f. [22], and [7]) In fact, we feel
that conceptual understanding and qualitative reasoning skills are, in a sense, more
important and can assist the development of better quantitative skills (improve stu-
dents ability to use the language of mathematics with understanding.) However,
good functional understanding should include the ability to solve standard quantita-
tive problems. During the course of this research, there were several opportunities to
analyze students’ ability to answer quantitative questions about magnetic induction.
In the Spring quarter of 1998, the question shown in Figure 4.16 was given on the
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final exam. It was chosen by the course instructor (who was not associated with this
research). The calculation of the magnitude of the induced current is a quantita-
tive question while the direction of that current, as well as how the magnitude and
direction would change, are qualitative questions. While this question may appear
particularly difficult because of the geometry involved which requires a derivative in-
volving a chain rule, the students had seen a very similar problem—where the upper
rod was straight rather than v-shaped—in lecture. They had also experienced another
problem in which the chain rule was required in the derivative (due to a changing

angle) on a homework problem.

Two rails are bent at right angles. The lower one is fixed in place, while
the upper one is free to slide-maintaining electrical contact with the other.

The intersection of the rails forms a square conducting loop.

The rails have zero resistance except for
the vertex of the fixed rail, which has R
resistance B. There is a uniform B

coming everywhere out of the page.

At time ¢ = 0, the vertices of the rails
coincide. The sliding rail is pulled i \V}

downwards at a constant velocity, v.
(a) What is the magnitude and the direction of the induced current in the
square conducting loop?

(b) Suppose the magnetic field direction had been into the page. What

would your answer to part (a) be now?

Figure 4.16: Part of a quantitative final exam problem related to magnetic induction,
chosen by the course instructor, in Spring quarter 1998. (N = 144.)
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This question was scored on three scales: Quantitative physics (0-5), Math manip-

ulations (0-4), and Qualitative physics (0-6). The quantitative items were knowing:
1. the relationship between current and emf, given by Ohm’s Law;

2. the relationship between emf and rate of change in flux, given by Faraday’s

Law;
3. the mathematical definition of magnetic flux;

4. which variable (magnetic field, area, or the angle between them) was changing

in this case; and finally,

5. that the velocity of the falling rail is equal to the rate of change in the vertical

distance, y.
The mathematical manipulations were:
1. knowing that the area is given by the square of the length of one side of the
square, s (A = s%);

2. performing the derivative of A with respect to time (% = 25%);

3. determining that the vertical distance, y, is related to the length of one side

by the equation y = s v/2 37 and therefore the derivative can be written as

% = y%; and finally,
4. algebraic manipulations to arrive at the final answer for current (I = BTfP).

37 Alternatively, this relationship can be used to write the area as a function of y prior to taking
the derivative. Either method uses the same mathematical knowledge, just in a different order.
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In general, students were given credit for these quantitative and mathematical items
whether they stated them explicitly or simply seemed to apply them implicitly. In
addition, many students ignored the dot product and integral in the equation for flux,
stating only that ® = BA. Since the magnetic field is uniform and parallel to the
area throughout the situation in this question, the statement is true. Since it did not
interfere with students’ success on this question, this aspect was not included in the
list below.

Finally, the qualitative items were:

1. correctly applying Lenz’s Rule to determine that the direction of induced current

would be clockwise (CW) around the square loop;

2. explaining that this is because the flux out of the page is increasing, so an
induced current is required to produce a flux into the page which, via the

appropriate right-hand rule, corresponds to a CW current;

3. correctly stating that if the original magnetic field had been out of the page,

the magnitude of the induced current would be unchanged;

4. explaining that this is because the direction of the field only affects the direction

of the induced current; the magnitude of the emf is unchanged

5. determining that the direction of the induced current would now be counter-

clockwise; and finally,

6. explaining that this is because the induced current now has to oppose and

increase in flux into the page.
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Analysis of 144 students’ responses to this question show that students had great
difficulty completing this question successfully. Only sixteen students ultimately ar-
rived at a correct final answer (scoring 4 out of 4 on the Math component). Table 4.9

shows students’ performance on the three aspects of the problem described above.

Quantitative Mathematical Qualitative
component component component
Total possible score | 5 4 6
Average score 2.8 1.6 2.6
Standard deviation | 1.9 1.4 1.2

Table 4.8: Summary of students’ performance on three components of a quantitative
final exam question (shown in Figure 4.16) (N = 144).

The relatively low Qualitative score reflects the fact that, especially since it was
not explicitly required, students often did not provide physical explanations for their
answers to the qualitative parts of the question. Correct answers to these three
questions without any explanation would correspond to a score of 3 on the Qualitative
component. So the average score of 2.6 reflects the fact that many students answered
several of the questions correctly, but only provided reasoning for one or so. Since
students’ qualitative understanding of magnetic induction has been discussed in detail
previously, we focus here on students’ quantitative understanding.

The Quantitative score in Table 4.9 reflects the fact that, on average, students were
able to identify a couple of the relevant physics concepts for this problem—at least
by selecting and applying (either explicitly or implicitly) the appropriate equations
for Ohm’s law, Faraday’s Law, and the definition for flux.3® The Mathematical score

38Students are provided with equation sheets for the final exam.
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Common difficulties

Prevalence (%)

Used inappropriate equations such as Ampere’s Law for current or
F =iLxB, etc. (Physics)

Used equations derived in class for special cases e.g., ¢ = BLv
(Physics)

Incorrect area calculation (Geometry)

Incorrect derivative (Calculus)

Incorrect velocity (Used v = % rather than %) (Physics)

dt
Stopped at €; did not solve for I (Careless)

18

10
23
20
10

Table 4.9: Classification of common reasons students could not successfully solve the

quantitative final exam problem shown in Figure 4.16.

reflects the fact that students could often describe the area of a square in terms of

the length of a side and could usually relate this to the vertical distance that was

more relevant to the problem. Those students who were able to calculate a value

for the derivative (often incorrectly, but sufficient to continue) were usually able

to perform the algebraic manipulations to arrive at a final expression for current.

Table 4.10 summarizes some of students’ overall difficulties on the quantitative and

mathematical aspects of the question combined. The most common difficulty was

correctly performing the derivative for this problem.

4.4.6 Delayed Post-Test

The multiple-choice test related to electricity and magnetism (the CSEM) [36],

described in Section 2.1.1, is also given to students as a post-test. For some quarters,

it is given at the end of the final lab session of the quarter. For other quarters,

including Autumn 1999, it is given as a delayed post-test—at the beginning of the

first laboratory session of the subsequent quarter. This is done so that no time would

be taken away from the students’ last lab session which is the second set of activities on

238



magnetic induction. However, the disadvantages are that students’ memories might
fade in the interim and that only those students taking the subsequent quarter of
physics can be assessed. The following compares the results for matched sets of pre-
and post-test data, for 175 students.

Students’ mean score on this post-test was only about 10.297 out 23. Compared
to a mean pre-test score of about 6.889, this gives a normalized gain® of 0.21 for the
class. On the three questions related to magnetic induction, students answered them
correctly on the post-test about 35 % of the time. Compared to the pre-test result
of 25 % correct on average, this is a gain of 0.13. This does not represent as large a
level of mastery as one would hope. However, it is similar to the results from other
quarters.

Looking at the three induction-related questions in more detail, we see some small
improvements in students’ responses. For example, in the first question, shown in
Figure 4.17, students are asked to decide in which of four situations a bulb connected
to a loop of wire would be glowing. The number of students correctly choosing the
answer that included cases 1, 2, and 4 improved from 13% on the pre-test to 25 %
on the post-test. The number of students choosing the answer that only the last case
would glow went from 24 % to 30 %. This is the only case that can be explained
by a Lorentz force idea. Students choosing this response appear to have a stronger
understanding of this idea than of induction. Another prevalent answer was that
both cases 2 and 4 would glow. 23 % of the students on the pre-test and 26 % of
students on the post-test chose this answer. These students seem to realize that the

phenomenon of magnetic induction exists and that the relative motion is the same in

post—testscore—pre—testscore

39 - - - - - -
Normalized gain is the fraction of the possible gain, defined as -E>=— Fauestionspre —testscore
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these two cases. The number of students choosing the answer that cases 1, 3, and 4
would glow halved from 25% to 12 %. This implies that some students realized during
instruction that there is no change in flux if the loop rotates in the plane parallel to

4

the magnet. The number of students who chose “none of the above” decreased from
14 % on the pre-test to 5 % on the post-test. This seems to reflect the fact that more
students are now aware that the phenomenon of induction exists—that a bulb can be
lit without the presence of a battery.

In the second question, shown in Figure 4.18, students are asked to decide in which
of three situations current would be induced in a loop moving near a wire carrying
a constant current. In the first case, the loop is moving perpendicularly away from
the wire. In the second case, it is moving at some other angle. In the third case, it is
moving parallel to the wire. The number of students correctly choosing the answer
that only cases 1 and 2 would have an induced current increases from 33 % on the
pre-test to 47 % on the post-test. The number of students choosing the answer that
cases 1 and 3 would have an induced current stayed about the same at 10 and 7 %.
The number of students choosing cases 3 and 4 or “all of the above” halved from 23%
to 10 % and 21 % to 13 % respectively. This shows an improvement in the number of
students who realized that there would be no change in flux if the loop moves parallel
to a wire carrying a constant current. The number of students who chose “none of
the above” increased from 12 % to 20 %. It is not clear why this happened.

The third question, shown in Figure 4.19, asks students to choose a graph of
voltage versus time for a meter connected to the secondary loop of what was essentially
a transformer in which the primary coil’s current was varying as shown in a graph.

In all five of the choices, students’ answers did not vary more than a few percent
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The five separate figures below involve a cylindrical magnet and atiny light bulb connected
to the ends of aloop of copper wire. These figures are to be used in the following question.
The plane of the wire loop is perpendicular to the reference axis. The states of motion of
the magnet and of the loop of wire are indicated in the diagram. Speed will be represented

by v and CCW represents counterclockwise.

bulb
I - axis
ionary
4t movingleft
bulb
I axis
stationary </\>CO| lapsing loop
bulb
1 ( - axis
loop rotating
stationary CCW about axis
bulb
v axis
Stationary +— movi ng | eft
In which of the above
figures will the light
bulb be glowing? PRE POST
@1, 1,1V 25 12
() 1,1V 23 26
© 11,1V 13 25
(d)Iv 24 30
(e) None of these 14 5
(Omitted question 1 2)

Figure 4.17: A multiple-choice question on induction from the CSEM [36], admin-
istered at the beginning of Winter quarter 2000. Matched students’ responses are
shown, in percent, for both pre- and post-instruction. (N = 175.)
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A very long straight wire carries alarge steady current i. Rectangular metal loops, in the
same plane as the wire, move with velocity v in the directions shown. Which loop will

have an induced current?

v o

PRE POST
i @ only I and 1 33 47
(b) only | and I1I 10 7
@V (c) only Il and 111 23 10
(d) al of the above. 21 13
(e) none of the above. 12 20
(Omitted question 1 3 )

Figure 4.18: A second multiple-choice question on induction from the CSEM [36],
administered at the beginning of Winter quarter 2000. Matched students’ responses

are shown, in percent, for both pre- and post-instruction. (N = 175.)
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from pre- to post-test. About 32 % of students chose the correct graph where voltage
at each instant corresponded to the time derivative of the graph of current. About
14 % of the students chose a voltage graph that had the same shape as the given
current graph. This would correspond to students thinking that current and voltage
are directly related, for example, as stated in Ohm’s law. About 31 % of the students
chose a voltage graph that was the inverse of the given current graph. Perhaps these
students felt current was inversely related to voltage —a possible misinterpretation of
the minus sign in Faraday’s Law. Only about 4 % of the students chose “none of
these” on both the pre- and post-tests. This question was omitted by approximately
5 % of the students, most likely because it was the last question on the test. (The
others were omitted 1 and 3 % of the time.)

While there is some improvement on these questions overall, there is consider-
able room for improvement. This result, as well as the others described previously,
highlights the fact that robust functional understanding requires multiple exposures
over an extended time interval and in a variety of contexts (c.f. [18], [19], [5], and
[20], and [21]). Unfortunately, the traditional format of our college education system
makes it difficult for concepts to get such exposure. This is especially problematic at
Ohio State for the concept of magnetic induction since it is taught at the very end of
the second introductory physics course. The subsequent course moves on to topics.
Non-traditional instructional tools such as case studies, experiment problems, and
context-rich problems, may help strengthen functional understanding of concepts in

general. For example, the estimation problem in the second induction lab involves an
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A variable power supply is connected to a coil and an ammeter, and the time
dependence of the ammeter reading is shown. A nearby coil is connected to a voltmeter.

Voltmeter
Ammetey; POW?r
reading SUPP y’ E
Ammeter O ’
time NO .\ \/

Which of the following graphs correctly shows the time dependence of the voltmeter

reading?
Voltmeter Voltmeter
reading reading
(b)
@ /

time time
Voltmeter Voltmetey
reading reading

(d)
(©)
time time

(e) None of these

@ ®® (@© (@ (¢ (omi

PRE 15 33 14 31 4 3

POST 13 29 18 32 3 5

Figure 4.19: A third multiple-choice question on induction from the CSEM [36],
administered at the beginning of Winter quarter 2000. Matched students’ responses
are shown, in percent, for both pre- and post-instruction. (N = 175.)
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application of energy conservation, reinforcing this concept in a later context. Simi-
larly, students’ understanding of the concept of induction could benefit from empha-
sis in previous contexts of such things as interpretations of field line representation,
distinguishing between quantity and its rate of change, and a before/after analysis

technique (e.g. Reif’s vector addition to determine the direction of acceleration [8]).

4.5 Summary

The set of studies described in this chapter investigate the evolution of students’
ideas about induction throughout their instruction—including the identification of
the nature and prevalence of specific student difficulties. A preliminary study showed
that this topic is difficult for both regular and honors students after instruction—
suggesting further research was warranted.

A detailed analysis showed the evolution of students’ ideas during their initial
(laboratory) instruction on induction. It focused on the use of the four main ideas
identified in Chapter 2: change (in magnetic flux, magnetic field, area, or something
vague), magnetic field or flux alone, motion, or the presence of current or a battery.
Overall, results showed that the use of the correct “change” idea increased noticeably,
but was often misinterpreted. The use of the “field or flux” idea decreased. This
is good since it rarely ever leads students to correct answers. Students’ use of ideas
appeared to be somewhat dependent on context. For example, the “current” idea was
used largely on the question involving a battery in a nearby circuit. The “motion” idea
was used more often on the first two questions in which it can be interpreted correctly
in a straightforward manner. However, it was also applied incorrectly, especially on

the last two questions. Finally, the “field or flux” idea dominated the responses for
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the third question. This question was the least similar in appearance to activities in
the laboratory instruction.

An analysis of the consistency of students’ use of each individual idea showed that
approximately one-third of the students made a transition to applying the correct
“change” idea consistently (to at least four of the five questions) after this initial
instruction. (Although this does not distinguish those who sometimes misinterpreted
it.) On both the pre- and post-tests, the majority of the students used a mix of ideas.
In fact, this mixed state may be an intermediate state of learning between applying
a consistent but incorrect idea and applying a consistent and correct idea.

Model Analysis techniques were used to characterize the features of these students’
mixed states. On the pre-test, the dominant mixed state (representing about two-
thirds of the students) had the “field or flux” idea as its largest component, mixed
with “motion” and “current” ideas, as well as some “other” ideas. On the post-test,
the dominant eigenvector (also representing almost two-thirds of the students) has
the correct “change” as its largest component—still mixed with the “field and flux”
and “motion” ideas.

Students’ understanding of induction was assessed at three other instances in
their instruction: on a recitation quiz partway through, on the final exam, and at
the beginning of the subsequent quarter. The questions used on the quiz and exam
were carefully chosen to probe students’ reasoning about the relationships between
motion (mainly linear and angular speed) and induced emf, as well as between flux
and induced emf.

Overall, the most common incorrect idea throughout instruction was that the emf

induced at an instant is proportional to the amount of flux present at that instant.
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The percentage of time that students used a ‘change in flux’ idea increased during the
course of instruction, as shown in Figure 4.20.%° However, only about half of these
students on average appear to be able to interpret this idea successfully to arrive at

a correct answer. Among the observed difficulties were that:

e the change in flux at an instant is zero

— because the flux was zero at that instant, or

— because the effect of entering a field directed into the page cancels the
effect of leaving another field directed out of the page (see Instant 4 of

Figure 4.9);

e there is a non-zero change in flux as a loop crosses through uniform field lines

[less common];

e a change in direction of flux does not count as a change (see Instant 4 of Figure

4.9) [rare];

e the change in flux is related to the area (or the fraction, or the percent of the

area)
— left to enter the magnetic field (that can still experience a change), or
— that had already entered the field (and already experienced a change) (c.f.
Five Rectangles question); and,

e the change in flux is the same—at two instants or in two situations—as long as

— the linear speed is the same (c.f. Two Triangles question), or

40The data in these assessments was not matched, however, the results indicate the general trend
of learning for the population of this class of students.
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— the angular speed is the same (c.f. Generator question);

e 3 larger flux at an instant necessarily corresponds to a larger change in flux at

that instant (c.f. Generator question).

The substantial number of students misinterpreting the “change in flux” idea
even after on the final exam suggests that instruction on induction must achieve two
goals: (1) making students aware that the change in flux idea is the one idea that is
fundamental to the phenomenon of induction, and (2) helping students understand

how to interpret this idea in a variety of situations.
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time

Figure 4.20: Summary of the percent of time the “change” idea was used at four
instances during the course of students’ learning about magnetic induction. The
white regions represent correct applications of this idea while the black represent
incorrect interpretations. The final exam bar represents the average performance on
the four questions given on the final exam.

Figure 4.21 shows students’ use of the “change” idea on each of the four induction
final exam questions individually. The Two Triangles and Five Rectangles questions
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Figure 4.21: Summary of the percent of time the “change” idea was used on each
of the final exam questions about magnetic induction, individually. The white re-
gions represent correct applications of this idea while the black represent incorrect
interpretations.

were on the final exam for one course section, while the Generator and Two Rectangles
questions were on the other section’s exam. The Two Rectangles situation was the
easiest for students to remember to apply a change in flux idea, and to do so correctly.
The Five Rectangles and Two Triangles questions were comparably difficult. The
Generator question was by far the most difficult. The results show that fewer than
half of the students applied a “change in flux” idea here—even though many of the
same students had used this idea on the Two Triangles question earlier in the exam.

The Generator question seems inherently more difficult since

e it involves a changing angle instead of changing B or A (as most problems

students have experienced);
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e flux is not changing at a constant rate, even though the angle is. This is also

more rare in students’ experience; and,

e the situation is harder to visually compare how quickly flux is changing at each

instant.

Analysis of students’ performance on a typical quantitative final exam question
shows that students struggle to apply the math language with understanding. They
also have difficulty with the mathematics procedures such as calculating a derivative
involving a chain rule.

Analysis of a multiple-choice delayed post-test shows a slight improvement com-
pared to the pre-test given at the beginning of the course. However, the gain on
questions related to magnetic induction is even smaller than the gain on the test

overall.
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CHAPTER 5

COGNITIVE ISSUES IN THE CONTEXT OF
INDUCTION

Chapter 4 described the analysis of students’ responses to a number of induction
questions and identified the nature and prevalence of specific student difficulties that
were observed in this context. Chapter 5 will organize a number of the larger, more
general cognitive issues that may contribute to these types of difficulties. It will also
discuss several theoretical perspectives that view students’ knowledge as small ideas,
largely based on experience, that may be inappropriately applied in physics contexts.
We will describe how some of these may provide insight into students’ responses in

the context of induction.

5.1 Inability to Distinguish among Related Concepts

Physicists have clear and unambiguous definitions for individual concepts. This
allows them to reliably distinguish related concepts—knowing how they are distinct
from each other and the relationships among them. Students, however, struggle with
the overwhelming number of concepts. Even if they can correctly state the verbal or
mathematical definitions of concepts, they often struggle to interpret them correctly

and to grasp the differences between related, yet distinct, concepts.
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5.1.1 Inability to Differentiate Similar Quantities

Harrington notes that students often use the words “force,” “field,” and “charge”
interchangeably. Shaffer and McDermott discuss this issue in the context of simple
electric circuits. For example, students used the terms “current, voltage, energy,
and power inappropriately and sometimes interchangeably.” [7] In the context of
magnetic induction this implies students may have similar trouble distinguishing emf
from things like current, energy, and power, let alone from voltage itself. In fact, one
student attempting to understand the graph observed in the second induction lab
(described in Section 3.3) said that “maybe flux entering [the solenoid] charges it and
flux leaving discharges it?” Another student asked if it was alright to get a negative
value for his estimate of the maximum induced emf. He wondered if this would mean
that the solenoid was somehow discharging then.

Shaffer and McDermott also note that students often fail to distinguish between
potential and potential difference. They report that about 17 % of the students
ranked the brightness of bulbs in a circuit based on the potential at one side of each
bulb rather than the potential difference between the two sides. Arons [77] and Min-
strell [78] note that students often fail to separate the ideas of position, distance, and
displacement. Our informal discussions with students and detailed analysis of their
written responses to many of the questions described in this work show that stu-
dents frequently use the terms “magnetic field” and “magnetic flux” interchangeably.
Several studies described in Chapter 2 report some students’ inability to sufficiently
separate the ideas of electric and magnetic fields. Along with a general confusion,
some specific manifestations of this are the belief that magnetic poles will attract or

repel electric charges and that the magnetic field associated with a current carrying
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wire is radially outward or inward. Scherr found students confuse Az and L in the
context of special relativity. [79] Lippman reports confusion of energy levels, E, and
transitions between energy levels (related to the spectral lines), AFE, in the context

of spectroscopy. [80]

5.1.2 Inability to Differentiate a Quantity and Its Rate of Change

In other contexts

Other research has documented the difficulty students have with distinguishing
a quantity from its rate of change. This is possibly difficult because the concepts
involved are necessarily closely related to each other, however, it may also represent
a difficulty with thinking about dynamic, instantaneous changes as well. Trowbridge
and McDermott describe students’ confusion of position and velocity. [81] and also
velocity and acceleration. [58] Peters reported this difficulty as well. [59] Students’
confusion of a quantity and its rate of change appears in interpretations of graphs as
well. Studies show that students often read the value of the vertical axis (the height)
of a graph when asked about the slope of the graph at that point.[82], [83] Singh [84]
reports that students have a similar difficulty in a quantum mechanics context: for

example, distinguishing between an expectation value and its time evolution.

In an induction context

Our research has shown students often have trouble separating the idea of flux
from change in flux—a very critical distinction for the concept of induction. As
described throughout Chapter 4, this is one of the most common difficulties students

have in the context of induction. It occurs in two forms: first, as the idea that only
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Assessment % of time ‘field’ or
‘flux’ idea used

Initial lab post-test (N = 1175) 22
Recitation quiz question (N = 251) 36
Final exam—Five Rectangles question (N = 121) 17
Final exam—Two Rectangles question (N = 139) 12
Final exam—Two Triangles question (N = 121) 21
Final exam—Generator question (N = 164) 42
Preliminary study—honors physics (N = 39) 8
Preliminary study—honors engineering (N = 87) 17
Preliminary study—regular physics (N = 332) 23

Table 5.1: The prevalence of the ‘field’ or ‘flux’ idea, in percent of time used, through-
out instruction on induction. (We estimate that 5 - 10 % of these response classifica-
tions are uncertain.)

flux is relevant—that induced emf is proportional to flux, and second, as the idea that
the rate of change in flux is necessarily proportional to the amount of flux present.
Confusion of flux with emf. In the first type of confusion, students do not use the
idea of change in flux at all. Instead, they describe the induced emf as proportional to
flux, or the amount of area of the loop that is in the magnetic field. Several students
described it as related to the percent or fraction of the area that was in the field. Table
5.1 shows that this confusion continues to serve as the basis for students’ responses
to assessment questions throughout instruction, for multiple classes of students.
Many students describe this idea mathematically, often equating emf with the
integral of the dot product of magnetic field and area. For example on the Five
Rectangles final exam question, one student wrote “c = —% =—B % = BA.” He
then went on to rank the magnitudes of induced emfs by the amount of flux present

in each loop at the instant shown. This is not simply an oversight in applying the

time derivative. The question did not ask for a quantitative calculation. This student
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appears to be using the mathematical representation to explain his reasoning that
emf is proportional to flux rather than change in flux.

Confusion of fluz with its (temporal) rate of change. In the second case, students
mention change in flux—verbally, mathematically, or both—but then interpret the
change in flux as proportional to the amount of flux present. The analysis of assess-
ment questions described in Chapter 4 showed that a large fraction of the students
who attempted to apply the correct ‘change in flux’ idea were unable to interpret the
idea successfully to arrive at a correct answer. The most common explicit misinter-
pretations were that a greater flux would necessarily produce a greater change in flux
and that if there was no flux present at an instant, then there could be no change in
flux at that instant. These will be discussed in detail here. In addition, the language
in this case aggravates the problem. As discussed in Sections 2.2.1 and 6.1.1, the term
“fux” is often synonymous with “change” for many students since this is a common
usage in everyday language.

The misinterpretation that a greater flux necessarily produces a greater rate of
change in flux was observed on almost every assessment question. It was particularly
prevalent on the third question of the first induction lab’s post-test. For that question,
26 students (11 % overall) used this reasoning to explain their answer that bulb P
would be greater than bulb Q.

While this assessment was only after their in:tzal instruction on the topic, the mis-
interpretation was still present (although less frequent) on the final exam questions.
For example, one student on the Two Rectangles final exam question stated that the
two loops’ induced emf would be “the same due to the fact that the magnitude of

the emf is equal [to] —N%2. The change in flux is the same b/c magnitude [sic] field
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and area are the same.” He emphasizes “— N %” and says B and A are the same.
Although this student mentions Faraday’s Law and “change in flux” multiple times,
he cannot seem to conceive of the fact that the change in flux in two identical loops
can be different if the amount of flux in each at an instant is the same.

On the Generator final exam question, twenty-six students mentioned a change in
flux, field, or area in their explanation and yet concluded that there was more emf
being induced when the loop’s normal is parallel to the field (Time 2) than when it
was perpendicular (Time 1). This is consistent with the idea that the rate of change in
flux is directly proportional to the amount of flux present, although only two students
explicitly stated this in their explanations.

A smaller number of students explicitly stated that if the flux was zero at the
instant being considered, then the change in flux —and emf—would necessarily be
zero as well. It seems that these students think if something doesn’t exist, then there
is nothing available to change. This is a special case of this previous confusion. Some
students described this idea verbally while others justified it mathematically. For
example, eight students on the Generator final exam question explicitly stated that
the flux at Time 1 was zero so the change in flux, and therefore the induced emf,

would be zero then too. For example, one student said “...at t = Time 1 the loop is ||

with the B and therefore ® = [ B-dA = 0. Thus if & = 0 then % =0...” Some of

these students miswrote the time derivative as ¢; = % and others said £, = % =0. In
this case, difficulty writing and interpreting the mathematical representation seems
to reinforce the conceptual difficulty.

The ‘zero flux implies no change in flux’ idea was also prevalent on the recitation

quiz problem. As described in Section 4.3, 20 students’ explanations involved a
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‘change’ idea here but concluded that the emf would be zero at Instant 4. Again, some
of these students gave general verbal explanations—using the idea that the effects of
entering one field while leaving another would cancel or stating explicitly that since
the net flux is zero at that instant then there would be no change in flux. Other
students used mathematical statements to justify the latter idea.

These ideas were also seen in students’ graphical predictions of the induced emf
as a magnet travelled through a solenoid. A number of students explained that the
graph would go to zero as the magnet was at the center of the solenoid because the
flux is zero there (and that either emf is proportional to flux, or that the change in
flux is proportional flux.

Students apply this reasoning in other contexts as well. For example, students
think that the acceleration of a ball thrown vertically upward must be zero at the
peak of the trajectory since the velocity of the ball is zero there. Reif [1] describes an
example of this difficulty in the context of a swinging pendulum. He notes that some
students simply feel it is obvious that the acceleration of an object is zero whenever
its velocity is zero. He found that other students were able to state the verbal or
mathematical definition of acceleration as the change in velocity over the change in
time or the derivative of velocity over time, yet they sometimes interpreted it to
arrive at the previously-mentioned conclusion. This same reasoning has been seen in
a quantum mechanics context [84] with students saying that the time evolution of an

expectation value must be zero if the expectation value itself is zero at an instant.

In a spatial derivative context
Change can occur in either time or space. So perhaps it is not surprising that sev-

eral studies have noticed that students have similar difficulties distinguishing electric
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potential, V, from its spatial derivative, %, as it is related to the concept of electric

field, E. That is, when students are learning that electric field, E, is equal to —%,
they often answer questions as if F is proportional to V itself (including that if V'
equals zero then so must E). This difficulty was seen in the course of our investi-
gations of students’ understanding of concepts underlying induction. For example,
it was observed in the Autumn 1998 quarter on numerous occasions during informal
interviews with students performing laboratory experiments concerning the measured
potential (and calculated electric field) at various points on a sheet of conducting pa-
per on which electrodes at different potentials had been placed. This lab comes after
some lecture instruction on electric potential and electric fields. To try to determine
how prevalent this difficulty was, a post-lab question was designed and administered
during the Autumn quarter of 1999. The question is shown in Figure 5.1.

This question asks students to compare the electric field at two locations shown on
a piece of conducting paper in which an electric field exists. Note that this question
is very similar, in visual appearance and in content, to some of the activities that
students had just done in the lab, although the majority of the lab was on resistance.
The results show that 7 % of the 271 students’ explanations involved the belief that
field is proportional to potential —about half explicitly and half implicitly. For exam-
ple, one student stated simply that “the electric field is greater at point B than at

point A. E correlates to V.” Most of these students answered that the field would be

stronger at point B.
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Totheright is apicture of the setup you 00V [ +30V
used in lab. The electrodes are placed at
each end of a20 cm long strip of
conductive paper (that is 3 cm wide).
Below isalarger view of the paper.
Assume that you and your lab partner
measured the voltages shown at the each
position on the paper.

— N

Voltmeter

2cm  4cm 6cm  8cm 1?cm 12 cm 1Tlcm 16 cm 1&?cm
\ \ \ \ | \ |

A B

0.6V 12V 1.8V 24V

How does the magnitude of the electric field at point A on the paper compare to
the electric field at point B? Explain the physics behind your answer.

Figure 5.1: Lab post-test question on the relationship between electric potential and
electric field. Note that it closely resembles one of the activities students had done
at the end of the lab (although the majority of the lab was on resistance).
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Overall, students did very well on this question, perhaps because of their recent
lab experiences. ' 83 % of the students correctly stated that the electric field would
be the same magnitude at points A and B. About 80 % overall gave a reasonable
qualitative or quantitative explanation for this answer, although about 5 % of the
students’ responses sounded like simple memorized statements either from lecture or
their recent lab experiences. Students’ explanations were counted as good even if
they contained a simple arithmetic mistake. For example one student said the field
strengths would be the same since “the V increases by .6 every 2 cm [instead of 4

”

cm]....” Also, about 15 % of the students overall included a calculation of electric
field at the two points that was essentially V divided by z instead of a difference
in V divided by a difference in z. It is possible that some of these students were
calculating the difference between the values at a given point and the origin, since for
this problem the voltage is zero at the origin. Several students included the origin
in their calculation explicitly. Because this problem involves a uniform electric field,
averaging over the length of paper from the origin by doing these calculations does
yield the correct result. However, the method is flawed since it does not yield correct
values for cases with non-uniform electric fields. (Such a question was added to about
half of the section’s quizzes and will be discussed below.) About 5 % of the students
said that the field would be stronger at point A. Many of these students had unclear

reasoning, or unusual reasoning. For example, “B is less than A, As distance increases

resistance increases.”
41The TAs were shown the post-test questions in advance of teaching the labs, so it is not clear if

they made any special effort to address the issues during the lab. If so, the observed difficulties can
only be more prevalent than these numbers reflect.
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In order to further investigate how deeply these students understood the relation-
ship between field and potential, about half of the students (152 overall) were also
asked the question shown in Figure 5.2. This situation is one in which the electric
field is not uniform and for which the electric potential is larger where the field is
smaller. This situation is also less similar to what students had just done in the lab

so it can assess how well they were able to transfer what they had learned.

In the diagram shown, there is an amount of positive charge distributed
uniformly on a conducting metal ring. The electric potential is given for
aseries of points, as shown.

2cm 4cm 6cm 8

Cm‘ 1? cm

How does the magnitude of
the electric field at point A
compare to that at point B?
Explain the physics behind AR R B R
your answer. {
3V

6V | 6V |45V 2.2V
6V 6V 36V 25V

Figure 5.2: Second lab post-test question on the relationship between electric poten-
tial and electric field. This question is not as similar to students’ lab experiences.

The results show that this question was harder for students. About 60 % of the
students correctly answered that the field would be stronger at point B. About two-
thirds of these, or 40 % overall, gave reasonable explanations for their answer. For

example, one student said “...since the voltage near B is changing more rapidly, the
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magnitude of E at B is greater.” Other students performed a correct mathemati-
cal calculation using the two points immediately surrounding point A or point B.
Surprisingly, thirty-two students used the idea that the electric field is zero inside a
surface that encloses no charge. Many of these explanations were dubious, for ex-
ample stating that there is “no E inside a conductor” even though neither point is
actually within the conductor in this case. Others have observed students apply the
‘field is zero inside a conductor’ incorrectly and inappropriately (c.f. [59] p. 506, or
[32] p. 1028), but this difficulty will not be discussed further in this thesis. In this
case, it is possible that they were considering Gauss’ Law and the fact that no charge
was enclosed inside the conductor.

Twenty-one students (14 % of 152) wrote a calculation of difference in potential
divided by difference in position, but with respect to the origin again rather than
between points immediately surrounding the points of interest. Unfortunately, as
with the above question, this method does yield a correct result for this question
when simply comparing the magnitudes of the fields at the two points even though
the calculated value of the field at point B would be incorrect. (Although students’
reasoning is clear for classification purposes.) At least this method reflects an attempt
to compare the potential at two points. Eighteen students, or about 12 % overall,
showed a calculation of simply the value of potential over position. Some of these
explicitly stated this as an equation. It is possible they are mis-applying the result
often learned in lecture that, in a uniform electric field, V = Ed. This method
‘worked’ in the previous problem, but here led students to conclude that the field
was greater at point A. This method seems to support the intuitive idea that field

is directly proportional to potential. Overall, 30 % of the students stated that the
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field would be stronger at point A. In addition to the students just mentioned, twelve
students’ explanations (about 8 %) involved the idea that field is proportional to
potential—either explicitly or implicitly. Additionally, sixteen students (about 11 %)
said this was because the field is stronger closer to the charge—a reasonable idea
outside of the ring (consistent with the comparison of the rates of change potential
as one moves away from the ring), but inappropriate inside. (Only seven students—
about 5 % —answered that the field would be the same strength at both points. These
students’ explanations tended to be fairly confusing.)

For both of these questions overall, most students were reasonably successful at
interpreting the relationship between electric field and electric potential. However, a
non-negligible number of students seemed unable to sufficiently separate the concepts

of field and potential. Sometimes this was apparent in verbal discussions—for exam-

ple, “...AV increases equally proportional to Axz” or “electric field is greater at B,
because voltage is greater and E = —%”—and sometimes in explicit mathematical

representations—for example, mistakenly ignoring the spatial derivative or interpret-
ing it as simply % This could also reflect a lack of distinction between the value
of quantity (V' and z) and a difference in that quantity (AV and Az). Arons [77]
describes similar observations of students’ difficulties distinguishing between instants
and intervals in time and between positions and displacements in space.

In both of these questions, we also saw several students use differences in potential
that did not correspond to the differences in position that they were using. This is an-
other way of misinterpreting the derivative. It was also seen repeatedly in discussions
with students during the second induction lab. Students would estimate the change

in magnetic field as a magnet entered a solenoid, but then would use the entire length
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of the solenoid as the change in position in their calculation of maximum induced
emf.

In his on-going dissertation work involving students’ understanding of the concept
of electric potential, Allain also observed that students tend to confuse the concept of
electric potential with that of electric field—its spatial derivative. In a recent study

he found students responded in ways that indicate the following beliefs [85]:

Constant quantity implies constant rate of change;

The rate of change is greatest when the quantity is the greatest;

If the quantity is zero, the rate of change is zero; and,

If the quantity is not zero, the rate of change can not be zero.

These are very similar to our findings in the context of magnetic induction. In
our studies, we find that the last issue is relatively uncommon—far less common than
the third issue. The issue of students’ interpretation of “constant” will be discussed
further in Section 5.3.

In his dissertation [33], Harrington reports that, for 239 students on a final exam,
about two-thirds of students said that the electric field at two points on an equipo-
tential line were the same when in fact the fields were different, as represented by
differing equipotential line densities. As he points out, this is consistent with the pos-
sibility that students were confusing the electric field and electric potential. Further,
about one-third of the class said that the magnitude of the electric field was zero at
a point on an equipotential for which the value of the electric potential was given as

zero. [p.95]
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It might be useful to show students more visual images of potential in order
to be able to discuss how the electric field is the gradient of the potential. Often,
equipotential lines are compared to geographical contour lines (c.f. [86]) The strength
of the electric field is then similar to the steepness of the terrain. As Andereck
suggests, this analogy can help students think about how the potential can be non-
zero even when the electric field is zero (“Are all flat regions at sea level?” [p. 499])
and how one cannot know the strength (or direction) of the electric field when all one
knows is that the potential at a given point is zero (since there is not “a unique value
of the grade for a location at sea level” [p. 499]). Another idea is to use a computer
software package such as Mathematica to generate three-dimensional looking plots of
the potential for typical, and not so typical, charge distributions.[87] This can give
students more visual resources for thinking of potential and electric field—and can
provide more tools for assessing students’ understanding. For example, on a test,
students could be given a new graph of potential and asked to indicate the point(s)
in which the field is largest, most negative, or zero. The more practice students have
with distinguishing such related quantities in these earlier contexts, the better they
may be able to do so in an induction context. Similar techniques might be useful
for visualizing the relationship between flux and its rate of change as well, as long as

sufficient emphasis is given to the distinction between spatial and temporal changes.
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5.2 Inability to Distinguish Between Finite and Instanta-
neous Change

Another set of observed difficulties seem related to a confusion between the total
change in flux over a finite time interval versus an instantaneous change.’? This
manifests itself in a variety of ways, as will be discussed in this section. It is possible
that this set of difficulties is related to those described in the previous section. For
example, when students determine the amount of flux change over a finite interval of
time, rather than at an instant, they may be thinking about the change in flux while
visualizing the present amount of flux.

The idea of an instantaneous change is very confusing for students. To think of a
change, it is useful-—perhaps even necessary—to imagine a difference in two nearby
instants in time. So for many students it seems virtually impossible to imagine a
change at a single instant. This is exemplified explicitly by one student’s struggle
to reconcile the ideas of change at an instant. On the Two Rectangles final exam
question he said “at the instant shown, I’'m assuming this means neither loop is
moving so, the magnitude of the emf is the same for both loop 1 and loop 2. They =
0 since they are not moving.” This student is clearly struggling to reconcile the idea
of how something can be moving (changing locations—let alone changing flux) at an
instant in time. In the end, he cannot reconcile these. It is not clear how many other
students have this dilemma to some extent, but do not state it explicitly. A different
student on the Generator final exam question began by stating that “at any instant

”

the induced current is 0 (no rotation).” He went on to say “however if you look at

421t is possible that the common use of the term ‘change in flux’ rather than the more cumbersome
‘rate of change in flux’—even used in this dissertation—contributes to this confusion since only the
latter emphasizes the instantaneous nature of the change.
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a time period around #; and %y, to > t;. At 5 the field is - to ring and is cutting
through the most B, meaning the flux is higher.” This student also cannot conceive of
instantaneous change, but is able to go on to answer the question, albeit incorrectly,
by considering a small time interval. Similar difficulties with the interpretation of the
acceleration at an instant are reported in [8].

Instruction often recommends looking for a difference between two instants sepa-
rated by a very short time interval (At) and then mathematically allowing that time
interval to shrink to zero for an instantaneous time derivative.?® Imagining this change
over a small finite interval is often easier for a student to do. However, sometimes
they imagine a larger time interval than intended. They lose track of the instant that

43For example, in his Millikan Lecture [1], Reif suggests that in order to understand a concept, one
must have the procedural knowledge required to interpret the concept in any particular instance.
An unambiguous interpretation is aided by supplying an operational definition of the concept—one
that includes a procedure for constructing the concept in any given circumstance in addition to a
verbal definition of it. He gives an example for the concept of acceleration. Following his example,
an operational definition of emf might look like this.

1. Original flux, ®. Identify the amount of flux through the closed loop at the time ¢ of interest.
2. New flux, ®’. Identify the amount of flux through the closed loop at a slightly later time #'.

3. Change of flux, A®. Find the flux change A® = &' — & through the loop during the small
time interval At =1¢' —t.

4. Average emf, £,,. Find the ratio AA—f, the ‘average emf’ for the loop during the time At.

5. emf. Determine the limiting value approached by the average emf if the time #' is chosen very
close to t (so that At becomes infinitesimally small and can be denoted by dt). The resultant
ratio % is then called ‘the emf induced in the loop at time ¢.

Note that to follow steps 1 and 2, students must have an operational understanding of ‘lux.” This
is slightly more involved than the example of acceleration since flux involves the combination of two
sub-concepts (magnetic field and area) rather than just one (velocity). Similarly, step 3 becomes
harder since there are three ways that flux can change (change in field strength inside the loop,
change in area in the field, or change in the direction of the field with respect to the loop) compared
to just two ways in which velocity can change (change in speed or change in the direction of motion).
Although flux is not a vector quantity as is velocity, students must still remember to include and
interpret the sign of the original and new flux when determining the change. This in turn involves
remembering to use the amount of field parallel to the normal vector of the area. Reif’s comment
for acceleration also applies for induced emf— “there certainly is a lot of complexity hidden in the
seemingly simple statement ‘(emf] is equal to the rate of change of [flux] with time.”” While this
operational definition helps make the concept of instantaneous emf less ambiguous, it is not clear
that it is a useful one for students in practice.
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they were originally asked to consider. Instead, some students consider the change in
flux that will occur over the total area of the loop—e.g., either over the area that has
already entered the field (and therefore experienced a change) or that is still outside
the field (and therefore still able to experience a change). This can also be described
as the relative change experienced or remaining—that is, the percent or fraction of
the total loop that has entered the field or that is left to enter.

A number of examples of these difficulties were seen in Section 4.1 with students’
responses to the original version of the Five rectangles problem given to the three
classes of students in the preliminary study. For example, about five students seemed
to rely on the percent of area already inside the field for their ranking, e.g. 4 >
5=2>1>3=0. The last ranking, that Loop 3 has no emf induced, is correct
but inconsistent with the application of the reasoning for the rest of the rankings.
Seven students’ answers and explanations seemed to base their ranking (e.g. 1 >
2=15>4> 3 =0) on the percent of area still outside the field at the instant of
interest. Similarly, three students based their ranking (5 >1 >2 =4 > 3 = 0) on the
amount of area still left to enter the field. Note that again these two sets of students
conclude that the emf induced in loop 3 is zero at this instant. While this response is
consistent with the reasoning in this case (there is no area left to enter the field), it
still reflects a misinterpretation of the “change” idea since it is not based on the idea
of instantaneous change. On the recitation quiz question, no one stated that a loop
that is fully outside a region of magnetic field (as at Instants 1 and 7) had any (let
alone a maximum) amount of emf induced. Consideration of this limiting case would
probably be a valuable experience for these students on the Five Rectangles question

as well.
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Another student considers the finite time interval to correctly rank the emfs on
the recitation quiz at the instants shown as 4 > 2 =6 >3 =7=1=5 = 0.
However, the explanation given for instants 2, 4, and 6 show this difficulty with the
distinction between finite and instantaneous change. For instants 2 and 6, he says
“the flux is cut in half...” and for instant 4 he says “the flux changes from maximum
to zero (B fields cancel)....” These statements are only true for the time interval when
the loop travels a distance equal to the radius of the loop. Technically, in taking a
finite interval, one is really averaging over that amount of time. So unless the flux is
changing at a constant rate over that interval, this average will not be the same as
the value of the emf at one of the endpoints in time. For this question, these average
emfs yield the same qualitative ranking as the instantaneous emfs at these instants
and this student’s response can be considered as reasonably correct. More often this
difficulty leads students to arrive at incorrect answers. Such examples appeared in
students’ responses on the Two Triangles question as well.

Regarding Question 8 in the tutorial activities, one student described her reasoning
as comparing the change in flux over different finite intervals. For example, at Instant
IT, the flux has increased by a larger amount than at Instant I. However, the time
interval that transpires to reach Instant II is also larger, proportionally. Therefore
the emfs at the two instants would be equal. At Instant III, the change in area is the
largest, but the change in flux is not quite as much when divided by its larger time
interval. Therefore its emf will be smaller. While this student attempts to apply the
correct fundamental idea, she is averaging the change in flux over the entire finite
time intervals under consideration. This gives a correct answer for this question only

because the question requests a comparison of the magnitudes of the emfs rather than
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an exact calculation.’® In fact, the magnitude of the emf at Instant III is zero, not
simply a smaller number than that of Instants I and II.

This difficulty is also similar to the error, described previously on questions related
to electric field as the gradient of potential, in which students calculate % at the
points rather than % using points immediately surrounding those of interest. This
calculation is consistent with comparing the potential at the point of interest to that

at the origin (where the potential was zero).

5.3 Inappropriate Generalization of “Constant”

In everyday use, the word “uniform” means “identical, as from example to ex-
ample, place to place, or moment to moment....” [46] Similarly, the word “constant”
means “not changing or varying; uniform....” Therefore, it may not be surprising that
students tend to use these terms somewhat interchangeably. However, in physics, the
term uniform is often reserved to mean not varying in space, while the term constant
often refers to something not varying in time. If a student or instructor simply says,
for example, that a field is constant, it may be somewhat ambiguous whether this
means uniform in space or constant in time. This difficulty interpreting the language
may lead the student—consciously or sub-consciously—to draw incorrect inferences
or conclusions in questions related to magnetic fields and induction.

The analysis of students’ responses to the induction questions in Chapter 4 showed
a number of situations in which students seemed to equate the ideas of uniform (in
space) and constant (in time) and then use these ideas in their reasoning in ways that

#4This method will yield correct answers whenever the rate of change in flux is constant over the
entire interval. This situation highlights the distinction between the average and instantaneous rate
of change.
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were inappropriate. This may be partially due to a superficial influence of the terms
involved, but the difficulties may also have a deeper intuitive cause. The general ideas
of uniformity or constancy can have two different interpretations—that if something
is uniform or constant then it is not changing, or that it is changing in the same way
as at other instants or locations in the region of time or space. Examples of these

ideas in students’ responses will be discussed below.

“Uniform” implies “constant” implies “no change”

Some students seem to interpret the terms “uniform” or “constant” to mean that
there is no associated change. This interpretation can be correct in everyday language,
and can be correct in some induction situations such for as a loop moving within a
uniform magnetic field (for example, Loop #3 on the Five Rectangles question).
However, this interpretation is not correct in all induction situations. For example,
on the Generator question, even though the total area of the loop is constant as it
rotates, the magnetic field in which it rotates is uniform, and the angular frequency
of rotation is constant, the rate of change in magnetic flux is changing as the loop
rotates. It is only zero at two instants in one revolution. Eight students on this
question said that there would be no change in flux or field at either instant because
any or all of the flux, field, area, or angular frequency are constant or zero. For
example, one student says “since the B-field is uniform and the area is the same,
there is no change in the flux (®) so the emf induced is the same.”

”

“Uniform” implies “constant” implies “same”

Four questions on the multiple-choice survey on electricity and magnetism involve

relationships between constant quantities and uniform electric or magnetic fields. One
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question asks students to compare the electric forces a positive charge would feel at
two different points in a uniform electric field (shown to students in a diagram). The
second point is shown as slightly ‘upstream’ in the field. For this question, the correct
answer is that the force at both positions is the same but not zero. In this case, the
‘uniform implies same’ idea supports the correct answer. In fact, students did very
well on this question, even on the pre-test. 69 % of the 172 students on the pre-test
at the beginning of the course, and 82 % of the matched students on the delayed
post-test at the beginning of the following quarter chose the correct answer. (The
second most popular answer on the pre-test for this question was that the force was
greater at the point that was at the higher potential. However, only 13 % of the
students chose this answer and the number decreased to only 3 % on the post-test.)

A second question asks students to consider what will happen to the electric
potential energy of a positive charge that is released from rest in a uniform electric
field. Since the test was intended as a pre-test as well as a post-test, the term “uniform
field” was defined for students as “one whose strength and direction are the same at
all points within the region.” The most popular choice on both the pre- and post-test
was that “it will remain constant because the electric field is uniform.” On both tests,
41 % of the students chose this response. In this case, the ‘uniform implies constant’
idea supports an incorrect answer. It may corroborate the thinking of those students
who incorrectly feel that electric field and electric potential are directly proportional
to each other. The second most popular answer on the pre-test was that “it will
remain constant because the charge remains at rest.” Again there may be a subtle
link between the words uniform and constant for students selecting this choice. The

number of students choosing this answer decreased from 24 % on the pre-test to 13 %

272



on the post-test. The correct response, that “it will decrease because the charge will
move in the direction of the electric field,” became more popular on the post-test.
It went from being chosen 15 % of the time on the pre-test to 24 % of the time on
the post-test. However, as mentioned previously, the ‘uniform field implies constant
potential’ idea remained dominant.

A third question on the test asked students to consider what a positive charge’s
motion would be when it was released from rest in a uniform electric field. Again,
the term “uniform field” had been defined as stated above. For this question, three
of the answer choices used the word “constant.” On the pretest, these three choices
accounted for a total of 40 % of the students. 5 % said it would move at a constant
speed, 13 % that it would move at a constant velocity, and 22 % that it would move at
a constant acceleration. The last is the correct response. The other two are consistent
with a popular yet incorrect idea from mechanics that a constant force corresponds to
a constant velocity. On the post-test, it was encouraging that the number of students
choosing the correct answer increased to 41 %. However the other “constant” choices
also increased to 10 % and 26 % respectively. The most popular answer on the pre-test
was that it would remain at its initial position. (Without explicit prior instruction on
this topic, these students may have been influenced by the ‘uniform implies constant
implies no change’ idea that is described in the previous section.) This response was
only chosen 15 % of the time on the post-test. Presumably students learned that
electric fields exert forces on charged particles.

Finally, a fourth question similarly asked students to consider the motion of a
charged particle that was released from rest in a uniform magnetic field. As above,

the term “uniform field” was defined for students. Again three of the possible answers
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involved the term “constant.” These accounted for 52 % of the students’ responses on
the pre-test. 15 % of the students said that it would move “with a constant velocity
since the force has a constant magnitude.” 27 % of the students said that it would
move “with a constant acceleration since the force has a constant magnitude.” While
these students realize that force is proportional to acceleration rather than velocity,
they do not appear to distinguish between E and B. 10 % of the students said that it
would move “in a circle at a constant speed since the force is always perpendicular to
the velocity.” This answer would be correct if the charged particle had some initial
velocity. 37 % of the students chose the correct answer that it would “remain at
rest since the force and the initial velocity are zero.” However, on the post-test, the
number of students choosing this answer decreased significantly to 17 %. Meanwhile,
the three incorrect responses involving the term “constant” increased to 23 %, 34 %,
and 17 % respectively.

Misinterpretations of the idea of “uniform field” were also seen in the context of
magnetic induction. For example, on the recitation quiz described previously, one
student said that the emfs induced at Instants 3, 4, and 5 were equal since “there is a
constant velocity and the field is uniform.” Another example is on the Five Rectangles
final exam question. Two students said all five loops would have the same induced
emf since they were all moving in the same uniform magnetic field—even though one
loop was completely enclosed within the field. On the Two Rectangles final exam
question, one student responded that both loops’ induced emfs would be “the same
because the loops are identical travelling through a uniform magnetic field [emphasis
his].” On the Generator final exam question, at least seven students mentioned the

fact that the loop was rotating in a uniform magnetic field, or that the field strength
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was the same at both instants, to support their answer that the rate of change of flux
or field would be the same (and non-zero) at both instants shown.

Several students seemed to focus only on the idea of “constant” to justify their
reasoning that the induced emf would be the “same.” For example, on the recitation
quiz one student correctly states that the emf is zero at Instants 1,3,5, and 7 since flux
is not changing with time at those instants. However, he then says that the emf at
Instants 2, 4, and 6 are “the same as long as v is constant.” In situations like this one,
this ‘constant implies same’ idea supports a misapplication of the equation € = BLv
that is derived for some special cases. Some students may even (incorrectly) generalize
this equation to apply in situations in which the angular velocity is constant. As
described in the previous section, a number of students mentioned the uniform (or
“constant”) magnetic field to support their answer that the induced emfs would be
the same at the two instants on the Generator final exam question. Four students
also mentioned that the areas were the same or constant at both instants. Seventeen
students mentioned that the angular frequency was constant to support their answer
that the induced emf would be the same (and non-zero) at both instants. A few
students mentioned a combination of all of these variables. For example, one student
said “...they are equal because the B field is constant and the area of the loops is

constant. And the the [sic] loop is turning with constant angular frequency.”

“Uniform” in space versus “constant” in time

Informal interviews with students during induction-related laboratory activities
revealed that the word “constant” can be ambiguous to students as to whether it is
meant to imply constant in space or constant in time. For example, when someone
says that a magnetic field is constant, does that mean it is uniform in space or not
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varying in time? An instructor might be careful to say “uniform” to mean not varying
in space and reserve “constant” to mean not varying in time. However, students may
not realize the distinction until they are faced with a question where the issue is
critical.*® To probe this issue, and to help students realize the distinction, a related
question was put into the tutorial materials that four lab sections of students worked
with during their second lab period on induction (described in Section 3.4 and shown
in Appendix D). The question presented a situation in which a magnetic field was
varying in space but not varying in time and asked the students to determine whether
there would be an emf induced in a nearby loop. Discussion with students as they
worked showed some students had no trouble with this. However, other students
struggled to distinguish the two aspects of “constant” and then were not sure which

was relevant to magnetic induction—or if both were.

5.4 Reverse Causality

Another type of difficulty observed in students’ responses is a confusion of the
causal sequence of events in different physics contexts. Our research showed several
instances in which this difficulty with appropriate causal reasoning led to incorrect
ideas or supported previously-existing incorrect ideas in the context of induction.

For example, on the recitation quiz question on induction described earlier, two
students made statements such as “at instant 4, |e;,4| is zero because the i;,4 is zero.”
This student believes that current causes emf rather than the reverse. This reasoning
was also used by a number of honors students on the Winter 1999 Five Rectangles final
exam question and was also seen on the Generator final exam question of Autumn

45Williams [99] recommends a similar caution in the phrasing textbooks (and instructors) use to
define Newton’s first law—replacing the phrase “uniform speed” with “constant speed.”
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1999. One student explained that “emf induced is produced when there is induced
current. While induced current depends on the change in flux....” These students
have an incorrect causal sequence related to induction that may be influenced and/or
justified by misinterpretations of the causal relationship among the variables in Ohm’s
Law. In other words, it is possible that these students are thinking of the right-hand
side of Ohm’s Law, (¢ = IR, for emf instead of voltage) as causing the left-hand
side. This difficulty is further apparent as the common idea that if there is no closed
conductor, such as a loop of wire, present in the region of changing magnetic field,
then there cannot be an induced current and therefore no induced emf.

Similar misinterpretations of Ohm’s Law have been seen by and Cohen et al in
the context of electric circuits.[55] On several different questions, about 30 % of
the students they studied answered this way. The researchers note that current is
often emphasized in instruction, and more often used by students in their reasoning,
perhaps because it is “more concrete and intuitive.” In fact, one can visualize current
much more easily than potential difference. Further the causal relationship is not
always emphasized sufficiently. Eylon & Ganiel [24] cite this difficulty as one piece
of evidence that students lack sufficient understanding of the connections between
macroscopic and microscopic explanations of events or phenomena.

A similar misconception was mentioned in Section 4.1. Several students in the
honors physics 132 course reasoned that if a loop has a greater resistance than others,
then it would have a greater voltage (or emf) because of Ohm’s Law. Viennot et al
[31] found a similar result for Gauss’ Law—that only the charge enclosed within a
gaussian surface contributes to the field at that surface. Rainson et al [32] also found

that some students felt that current was the source of the electric field in a circuit
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rather than the reverse. They suggest that this may be a tendency for interpreting
any equation, since often equations are seen as ways to calculate the quantity on the
left-hand side, rather than as a relationship among variables. [31]

Another example from the recitation quiz is a double case of reverse causality.
One student based his emf rankings on the amount of flux through the loop at each
instant. This in itself was fairly common. However, this student went on to imply
that the presence of flux is responsible for creating a current that would then create an
emf. In his words, for example at Instant 4, “...the B fields are in opposite directions
creating a conflicting current therefore the voltage would be zero....” The fact that
this student believes that current creates emf rather than vice versa is the same as was
just discussed. However, this student additionally seems to believe that the amount
of current present is proportional to the amount of field present (in a direction related
to the direction of the field) rather than the reverse. It seems that this student is
applying a qualitative Ampere’s Law or Biot-Savart relationship here between current
and field. Ampere’s Law reflects the fact that the amount of magnetic field present
s proportional to its associated current. However, this student seems to invert the
causal relationship in the context of induction when he implies that the amount of
(induced) current present is proportional to the amount of field present. Perhaps this
confusion was reinforced during the instruction on induction when he was told that
a (changing) magnetic field can create a current “in symmetry with” how a current
creates a magnetic field. (For example, Halliday et al [11] open the induction chapter
with an appeal to this symmetry and course instructors often do the same.) This
approach is not inherently bad, but the underlying causal relationship needs to be

emphasized.
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5.5 Fragmented Knowledge

It is commonly believed that throughout the course of their lives, people develop
small ideas about the way the world works. These ideas may be correct (accurate)
in the circumstances in which they were learned. They may also be correct when
applied in some contexts in physics. However, they may be incorrect when applied in
other contexts. A number of people have focused on identifying what ideas students
bring to physics instruction and how they apply these ideas as they learn physics.
For example, Minstrell [78] has collected and organized these into what he refers to

”

as “facets.” These are slightly abstracted versions of what students say or do when
asked to predict or explain physical phenomena. Minstrell organizes them by physics
content area and they range from ones that are like those physicists use to those that
are most troublesome—that is, that would most interfere with the development of
physically accurate explanations and predictions. An example from kinematics (that
is relevant to induction) is that students do not distinguish among position, distance,
and displacement, and separately, they do not distinguish between position and its
rate of change. Another facet describes how instantaneous velocity is not always
distinguished from average velocity. Another is the overgeneralization of the formula
for distance, x = z¢+ vt + %at2, to cases where acceleration is not constant. Another
facet category describes how, for some students, explanations of phenomena are given
by repeating the observation or result to be explained, or by describing the procedure
that led to the result.

Because facets are only slightly abstracted from students’ statements of ideas,

some of the lists for each facet cluster related to one physics concept are rather long

and have considerable overlap among the facets. But facets were developed specifically
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as a resource for instructors (mostly high school teachers) to assist them in recog-
nizing when their students were using ideas that would hinder their learning of the
physics concepts and, subsequently, to help instructors design or choose appropriate
instructional or assessment activities. A detailed and comprehensive list minimizes
the amount of translation that the instructor must do while trying to teach a large
number of students in the classroom. While Minstrell does list facets for electrostat-
ics, magnetostatics, and circuits, he does not list any specifically related to magnetic
induction. The types of ideas students used throughout their instruction on induction
(described in Chapter 4) could be considered facets.

Reif [1] also suggests that students’ knowledge tends to be fragmented. Students
tend to invoke different pieces in different situations. Sometimes they invoke multiple
incoherent pieces and are unable to resolve the paradox since they lack the ability
to reason from the fundamental ideas involved. [p. 24] He states that one reason
for students’ difficulties with appropriately interpreting concepts in physics arises
from their methods of applying memorized or plausible knowledge fragments without
checking them against other ideas. “For example, many students deem it obvious
that a particle’s acceleration is zero whenever its velocity is zero. Or they simply
retrieve the fact that the acceleration in circular motion is directed toward the center
(without heeding the fact that this is only true if the speed is constant).”

In this research, we observed students apply correct fragments of physics knowl-
edge unsuccessfully in the context of induction. For example, many students at-
tempted to apply the idea that a magnetic field exerts a force on charges moving
in the field and that the larger the velocity or field strength, the larger this force.

Unfortunately many neglected the fact that the force depends on the angle between
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the field and the velocity (as on the third question of the initial induction lab’s pre-
and post-tests), or that one needs to consider this force for all of the charges (of
an entire loop, for example Loop #3 of the preliminary Five Rectangles exam ques-
tion) that are in the field. Also, as described in the previous section, a number of
students described the amount of induced current as proportional to the amount of
magnetic field present—perhaps relying on ideas described by Ampere’s Law or the
Biot-Savart equation concerning the relationship between current and its associated
magnetic field.

Other evidence for the fragmented nature of students’ knowledge as described by
Reif above is the observation that students ignore contradictory evidence. That is,
they don’t necessarily recognize a contradiction since the ideas are not necessarily
compared against each other to form one coherent understanding. Further evidence
is the observation that students answer multiple parts of one question inconsistently.
They seem to apply different fragments to different parts. This was especially appar-
ent on the exam questions that first asked about induced currents and then about
emfs. Many students invoked the Lorentz force for the former and Faraday’s Law for
the latter. While it is not inherently wrong to use either or both of these ideas for this
question, in practice, it caused students to arrive at inconsistent answers for the two
parts. For example, some students listed directions for currents whose corresponding
emfs had been declared to be zero. Others ranked non-zero emfs for Loops that they
claimed had no currents.

The perspectives described above focus on students’ small ideas as specifically ap-

plied in physics contexts. Other people consider the more general, abstract ideas that
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might underlie such content-specific pieces in an attempt to provide a more system-
atic, coherent theoretical picture. diSessa describes these ideas as phenomenological
primitives (or p-prims) [6] These are general, intuitive, weakly-organized ideas that
might consciously or sub-consciously influence students’ predictions or explanations
as they generate them. They are fairly superficial interpretations of experiences and
are often self-explanatory and used as if self-justified. In diSessa’s view, these p-
prims can be used as resources for students’ learning—that learning physics can be
thought of as refining, reorganizing, and re-prioritizing these ideas. They should shift
to playing the weaker role of cues to fundamental physical ideas rather than serving
as sufficient explanations. Hammer gives an extensive discussion of how this can be
done in practice.[88]

In general, this ‘knowledge in pieces’ view focuses on the understanding that the
student does have—the resources he or she brings to the situation—and tries to assist
the student in making the transition from this state to one of deeper understanding.
This is also the perspective of Clement’s’ method of developing “bridging analogies.”
[89] Visualization of a carefully-constructed series of analogous physical systems can
provide students with successive images that gently guide students to develop more
physically correct or complete understanding. For example, Minstrell [90] describes
a bridging analogy to help students realize that inanimate objects can exert forces,
such as that a table exerts a force to hold up a book.* First, students are asked to
consider a book being held up by a person’s hand, then by a spring, then (if necessary)
by a soft material or a long board that might bend under the weight of the book, and
then finally by the table itself.

46Students might believe that the table prevents the book from falling, but not because it exerts
a force in the way that an animate object does.
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Table 5.2 lists a number of the p-prims identified by diSessa—in mechanics contexts—
that seem to influence students’ thinking in the context of induction, as described in
this dissertation. First, perhaps the most clear and common p-prim used is referred
to as Ohm’s p-prim.*” This is the idea, embodied in Ohm’s law for example, that a
result (output) is proportional to ones effort (input) and inversely proportional to any
resistance present. In the context of induction, this primitive can successfully support
the correct idea that a higher rate of change in flux results in more induced emf or
current. However, more often, it appears to be used with field, flux, or motion as the
agent rather than rate of change in flux. That is, more field, flux, or motion generates
more emf. It may also support some students’ reasoning that more flux necessarily
implies more change in flux. Further it may play a role in a less common response
that the presence of more field is more interference® leading to less induced emf or
current. Perhaps these students are connecting this idea to the magnetic damping
effect.

Two similar primitives are force as mover and continuous push. The main differ-
ence is that in the former, the action involves a “burst of effort” resulting in subse-
quent motion while the latter involves a “relatively constant amplitude” of effort and
subsequent motion. In the context of induction, continuous push might translate into
the useful idea that a continual change in flux is required to generate an on-going emf
or current. On the other hand, force as mover might translate into the idea that once
emf is generated (through whatever agent), it is not necessarily transient (as seen in
Section 3.3).

47diSessa cautions that the names of the primitives should not be interpreted too literally as the
conventional meanings of these terms.[p.133]

48Students’ use of the word ‘interference’ is very suggestive of the word ‘resistance.’
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Primitives can be used in combination. For example, Ohm’s p-prim can be used
in situations where force as mover applies. “More push means more resulting motion
(greater speed or more distance).” In an induction context, this can support a useful
two-step thought process: that the agent of “change in flux” creates emf and then the
greater the rate of change in flux, the more emf is created. Students run into trouble,
however, when they associate the amount of field, flux, or sometimes motion as the
causal agent in either or both steps of that thought process.

Working harder is described as a seemingly anthropomorphic tendency for more
effort to be exerted in order to compensate for more resistance. In the context of
induction, students sometimes describe how more induced current or emf is required
to compensate for more resistance in a circuit or loop. Other students use this idea
as suggestive of Lenz’s Law that the induced emf and current attempt to oppose the
change in flux. For example, one student (on the Two Triangles exam question) states
that “the emf around #1 is greater because the magnitude of the opposing B fields
[sic| is larger.”

A primitive, closely related to both of the previous, that supports the correct
idea of transient emf, is dying away. As diSessa notes, this is likely acquired through
everyday experiences with inanimate objects not subject to a continuous influence.
The only trouble with the use of this primitive is that students may be satisfied with
this as the whole explanation of the transient nature of the induced emf, rather than
including a cause for the effect unless asked to do so.

Perhaps the reverse of dying away is warming up. This is the idea that “change
takes time,” for example in bringing an object up to some speed. It seems this idea

is useful in the context of induction to help students conceive of changes in magnetic
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Primitive Definition Examples in an induction
context
Ohm’s p-prim “An agent or causal impetus | Higher rate of change in flux

acts through a resistance or in-
terference to produce a result.
It cues and justifies a set of
proportionalities, such as ‘in-
creased effort or intensity of
impetus leads to more result’;
‘increased resistance leads to
less result.” These effects can
compensate each other, for ex-
ample, increased effort and in-
creased resistance may leave
the result unchanged.”

leads to more induced emf
(correct); more flux, field, or
motion leads to more induced
emf or current.

Force as mover

“A directed impetus acts in a
burst on an object. Result is
displacement and/or speed in
the same direction.”

Field, flux, motion, (or gen-
eralized ‘change’ ideas) act as
agents that cause emf or cur-

rent.  Occasionally students
feel this is a non-transient
effect.

Continuous push

“As force as mover, but involv-
ing constant effort.”

As with force as mover, this
primitive might be useful as
long as ‘rate of change in flux’
is the agent rather than other
factors such as field or gener-
alized motion. Further, this
primitive is more likely to sug-
gest that continual change is
required to produce emf or
current—that is, that the in-
duced emf or current is tran-
sient in nature.

Working harder

“More effort or cues to more
effort may be interpreted as if
in an effort to compensate for
more resistance.”

Occasionally students’
state that if more resistance—
or sometimes more magnetic
field—is present in a circuit,
then more emf is required to
compensate.

Table 5.2: Examples of diSessa’s p-prims observed in students’ reasoning about mag-

netic induction.
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Table 5.2 (continued)

Dying away “All motion, especially im- | As with continuous push, this
pulsively or violently caused, | supports the correct idea that
gradually dies away.” induced emf is transient in gen-

eral. However, students may
feel this idea needs no fur-
ther explanation rather than
considering underlying micro-
scopic mechanisms for the
transience.

Warming up “.it takes some time for any | Again this idea seems useful
quantity to reach its final value | to allow for the presence of a
when a change in impetus | changing magnetic flux, how-
takes place.” ever it might contribute to

students’ difficulty conceiving
of the idea of instantaneous
change.

Dynamic “A pair of forces or di- | Students describe multiple

balance/canceling| rected influences are in conflict | features, such as direction of
and happen to balance each | motion and orientation of field,
other” /“An influence may be | or directions of changes in flux,
undone by an opposite influ- | as compensating.
ence. Generally involves se-
quential acts that result in no
net effect.”

Abstract “Some quanti- | This can lead to equating

balance ties must balance—an impera- | quantities at different locations

tive form of dynamic balance.”

in space (for example, compar-
ing the amount of flux present
in two different loops) rather
than the same quantity at dif-
ferent instants in time (for ex-
ample, the change in flux in
each loop). This might also
influence students’ lack of dif-
ferentiation of the idea of con-
stant in time versus uniform in
space.
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Table 5.2 (continued)

Abstract imbal-
ance/generalized
springiness

There is a tendency for a sys-
tem to return to a state of bal-
ance/ “Disrupted influence on
equilibrium creates a displace-
ment from equilibrium pro-
portional to strength of the
influence.”

Students occasionally ranked
loops that were halfway into
a field as having the largest
emf—consistent with the idea
that these loops were the far-
thest from some equilibrium
state. This idea may have use-

ful features, as for the student
who, on the Two Triangles
question, explained a correct
answer as: emf must be larger
to “oppose a greater change”
in flux.

flux. However, it might make it harder for students to conceive of and interpret the
idea of an instantaneous change.

Another set of primitives involves balance and equilibrium. In dynamic balance,
two agents try to achieve opposing results but the effects coincidentally cancel out
exactly, and no result is seen. Similarly, cancelling involves the presence of oppos-
ing tendencies. In the context of induction, several students on the recitation quiz
described the effects of a loop leaving one field and entering an opposite field as gen-
erating no emf. Students also described cancelling effects in terms of surface features
on the second lab’s post-test that asked about a magnet going through a solenoid in
the opposite direction from that done in lab. For example, students stated that the
effects of reversing the orientation of the magnet and the direction of the velocity
would cancel.

Another primitive related to balance is abstract balance. This is the idea that two

or more things are required to correspond, for example as related by an algebraic
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equality. diSessa describes how this may apply to some students’ inappropriate use
of conservation of energy (e.g. in analyzing a monkey climbing a rope in an Atwood
machine) to require a correspondence of two things in different places at one instant
in time rather than one thing at two different instants in time. In other words,
students do not completely distinguish the ideas of changes in time versus changes
(or separations) in space. In the context of induction, it is possible that this primitive
is involved in students’ comparisons of the flux present in two different loops at one
instant in time, rather than comparing the flux present for each loop at two instants in
time. Abstract balance may also be useful, for example to conceive of the magnitude
of the emf (a concept similar to that of voltage) as equal to the rate of change in
magnetic flux (a concept that, to some students, has nothing to do with electricity).
In an interview, one student repeatedly described the flux and rate of change in flux in
Faraday’s law as related to electric fields and the flow of charges——consistent with his
view of emf as something that “pushes” charges. When asked, he could not initially
decide how magnetic fields should enter the picture at all.

In addition to the idea of abstract balance, there is also the idea of abstract imbal-
ance. This includes the idea that, even if an imbalance exists, there is a tendency for
the system to return to some equilibrium. The idea that the amount the system is
removed from equilibrium is proportional to the strength of the disruptive influence
is referred to as generalized springiness. These ideas might justify the reasoning of
several students on the final exam who ranked the loops that were halfway inside the
field as having the largest emf. These are the loops that are furthest from an equilib-
rium state. While this did not lead these students to the correct answer in this case,

the idea of equilibrium can be useful in terms of considering the induced magnetic
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field points in a direction that attempts to compensate for changes in the original
magnetic flux. This idea was described by on student in an individual interview as

the following.

Well, you’re putting a magnetic field in—into the coil of wires and like
an increasing magnetic field. And the wires, they want to make a, like
they want to be in like a zero magnetic field is how I always thought of
it...but like they’re gonna produce a magnetic field that’s opposite that...
I always think of it as like equilibrium although I can never describe it
like that to anyone, but it works for me.

Finally, diSessa describes students’ use of figural primitives. This is when visual
cues or symmetries influence students’ responses—for example, stating that the orbit
around a square planet would be roughly square or that a spring balance would deflect
symmetrically as it moved past a massive planet. [See [6], pp. 159 and 165.] This
idea of visual symmetry may have played a role in some students’ initial graphical
predictions for the magnetic toy car lab—mainly for those predicting a single peak
symmetric about the center of the solenoid. As diSessa notes, ideas of symmetry
are very useful in physics. They can be encouraged, but need to be interpreted
appropriately. Students’ interpretation of field lines or field vectors as representing
the flow of something such as field may also be a manifestation of a figural primitive
associated with the arrows used in these representations.

diSessa also describes a characteristic of students’ responses he calls static pre-
disposition. He finds students are prone to discuss dynamic events as if they involve
static phenomena. He gives examples of students’ explanations of the tides (ignoring
the rotation of the earth), intuitive ideas about gyroscopes, and analysis of a two-
mass system attached by a rope where one mass is falling over the side of a pulley. In

the latter example, it is common to state that the tension in the string is the same as
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if it was holding the vertical mass at rest—ignoring the acceleration present. In the
context of induction, it is possible that this tendency supports the use of the amount
of flux present to determine emf. In fact, as further evidence of “focusing on static
aspects of a situation...and ignoring the dynamic context,” diSessa refers to Reif’s
[1] observation that students often state that the acceleration at the peak of a toss
(especially a vertical one) is zero. As mentioned previously, we see a similar result in
the context of induction. Students tend to state that the rate of change in flux (and
therefore emf) must be zero at points where the flux itself is zero.

On a more fundamental level, diSessa discusses that people (especially small chil-
dren) might have the idea that “reasoning about motion must be done as a sequence
of static configurations and that no properties intrinsic to motion other than those
evident in discrete change can be considered. This amounts to always thinking about
motion as ‘snapshots’ in a time sequence, with reasoning done by comparing those
snapshots.” [p. 168] To discount this idea as sufficient, he describes a case in which
students compare two snapshots in time of two different physical situations: pressing
a brick slowly down onto a spring and then releasing it and throwing a brick down
onto a spring. Even though the snapshot of the moment when the spring is completely
compressed is identical in both situations, some students distinguished between the
two by describing the one as being “in the midst of a bounce.” diSessa uses this and
other evidence to support his idea that the cause of students’ difficulties is that they
have and use “knowledge in pieces” where ideas about change are contained in the
primitives rather than that they lack a universal characterization of change. For our
purposes, both the initial theory and its counterexample provide insight into students’

learning of induction. First, even if they do not always do so, students’ tendency to
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visualize changes as a series of snapshots supports the difficulties described previously
(for example, in many cases analyzing the amount of flux present rather than some
measure of change in flux). Second, if it is natural for students to think of change by
comparing the differences in sequential snapshots, this may be a useful instructional
technique. In fact, this was incorporated into the Tutorial described in Section 3.4.
Third, the counterexample reminds us that any instruction using this method must
be sure to teach the students how to properly interpret it. In the context of induction
students must be able to determine which instants to compare in order to answer
the question (for example, to use instants immediately before and after the one of
interest). In addition, they must be able to compare those instants successfully (for
example, taking into account the direction of the field with respect to the area at the

instant a generator loop’s face is parallel to the field).

5.6 Summary

Students’ responses to questions about magnetic induction showed evidence of
larger cognitive issues. Students tend to confuse closely-related, yet distinct, quan-
tities in many different physics contexts. Since unambiguous distinctions are not
required in many everyday experiences, students must first realize that they are nec-
essary in physics and then they must learn how to differentiate related quantities in
each context. This includes identifying what a quantity is not as well as what it is.
The most critical examples of this issue for students learning about induction are
to distinguish electric field from magnetic field, magnetic field from magnetic flux,
and magnetic flux from the rate of change of magnetic flux. Possible affects of the

confusion of the first two sets of concepts were discussed in more detail in Chapter
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2. Confusion of flux and its rate of change is the most troublesome for a complete
understanding of induction— and yet it is perhaps the most common. It manifests
in two ways: as a belief that emf is proportional to flux (ignoring change in flux)
and that the rate of change in flux is necessarily proportional to flux itself. Since the
rate of change in flux is the critical variable for induction, incorrect or incomplete
understanding of this can pose a large obstacle to a good functional understanding of
this topic. Instruction, therefore, faces two challenges: first, to make students aware
that emf is change in flux idea is the one idea that is necessary and sufficient to
answer all induction questions (since it underlies the phenomenon of induction itself)
and second, to help students be able to interpret and apply this idea successfully in
a variety of situations and representations.

In addition, students must learn to distinguish the idea of instantaneous rate of
change in flux from that of an average change in flux over a finite interval of time.
Students were observed to apply the latter idea to a number of questions on induced
emf. Many described the amount of area of a loop that had entered a magnetic field
over a finite time interval, or the area that was still outside the field that could still
experience a change. Several students described these things as the percentage or
fraction of the area that had entered or that was left to enter the magnetic field.

Another influence on students’ interpretation of the idea of change in flux is their
interpretation of the ideas of “uniform” and “constant.” A number of students mis-
interpreted situations involving uniform electric and magnetic fields as necessarily
corresponding to constant quantities such as velocity, acceleration, or induced emf.

In induction-related questions, some students similarly concluded that as long as such
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quantities as linear velocity, angular velocity, and/or area were constant (for an indi-
vidual loop) or the same (for multiple loops), then the induced emf for these would be
the same (at multiple instants in time, or compared to each other). Other students
misinterpreted the ideas of uniform and constant to imply that there would be no
induced emfs in such situations since there would be no change in flux. Occasionally
the lack of distinction between the everyday meanings of “uniform” and “constant”
may contribute to students’ confusion of the ideas of temporal and spatial changes in
magnetic field, and which is relevant in the context of induction.

A final cognitive difficulty observed in the context of induction is that of causal
reasoning. The causal sequence involved in magnetic induction is somewhat complex.
As in other contexts, students sometimes reverse an effect with its cause. For example,
in the context of induction some students feel that the induced current causes the
induced emf, or that the induced magnetic field causes the induced current, rather
than the reverse.

A number of people suggest that students’ knowledge might be comprised of small,
loosely organized ideas that serve as the basis for reasoning or as cues to more de-
tailed ideas, rather than necessarily consisting of detailed, coherent, or robust models.
Several of the frameworks, such as diSessa’s ‘knowledge in pieces’ view, are described
in this chapter. In addition, examples of how these small ideas may be influence
students’ thinking about induction are discussed. For example, Ohm’s Law p-prim
suggests a general “more is more” relationship between variables. In the context
of induction, this can serve students well if ‘change in flux’ is considered to be the
agent—that is, a higher rate of change in flux generates more induced emf. However,

the same p-prim can support incorrect responses if another quantity such as field
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strength, flux, or motion (such as linear or angular speed) is considered to play the
role of agent. Dying away can serve to imply that induced emf is transient, however,
according to diSessa, students sometimes feel that this p-prim is sufficient to explain
why an effect is transient rather than seeking underlying causes.

These p-prims can serve as resources for students’ understanding, but they require
additional information such as associated pre-requisite conditions for when each p-
prim applies in different contexts, and cuing priorities to help students determine

which p-prim should dominate in cases of conflict.
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CHAPTER 6

REPRESENTATION ISSUES RELATED TO MAGNETIC
INDUCTION

External representations—those that exist outside one’s mind—can be classified
into several categories: verbal, pictorial, physical, and mathematical. Verbal repre-
sentations are perhaps self-explanatory. Pictorial representations are simplified but
realistic sketches of physical situations. Physical representations are more special-
ized, abstracted representations of physical situations that use carefully designed
conventions to encode useful information about some aspect of the situation. Exam-
ples include free-body diagrams (FBDs), energy bar charts (EBCs), circuit diagrams,
Feynman diagrams, ray diagrams, and graphs. Mathematical representations are
symbols and equations that utilize the rules of mathematics to describe physical sit-
uations. Examples in the context of magnetic induction are shown in Figure 6.1.
Representations can also be internalized as static or animated visual images.

Functional understanding in physics includes the ability to interpret, apply, and
translate among multiple representations of physics concepts. The work of Tabachneck-
Schijf et al [91], in the context of economics, shows that experts’ problem solving is
characterized by “the ease and frequency with which an expert uses multiple represen-

tations” whereas a novice tends to use only one representation at a time. Strategies
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e verbal: the magnitude of the induced emf is proportional to the rate at

which the magnetic flux through the loop is changing in time.

e pictoral:
: N _ S

e physical:
> <4— <—

e mathematical:

d@ —_ —_
_ N %,—/B.dA
° i 5=

Figure 6.1: Examples of multiple representations used in the context of magnetic
induction. Note the ambiguity in the two-dimensional representation of the direction
of magnetic field (CW or CCW) around the straight current-carrying wire.
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for having students reason about physical processes using multiple representations,
rather than simply solving quantitative problems, are described in [76], [18], [19], and
[92]. Resource kits of materials for using multiple representations in the classroom
throughout the introductory physics course are available.[93] Zou [76] describes the
effectiveness of a multiple representation strategy for helping students understand
work-energy processes and solve related problems. Van Heuvelen [19] reports that
students using the materials he describes performed significantly better on several
measures than students who had been taught in a more traditional way. Gautreau
and Novemsky [94] also report on the effectiveness of the concepts-first, multiple rep-
resentation methods (OCSP) described in [19] and [93]. In this case, the professor
using the OCSP materials had not been involved with the development of them, and
his students out-performed similar students taught in a more traditional way, on final
exam questions that were designed by the professors of the more traditional classes.

While different representations may be informationally equivalent, they are not
necessarily computationally equivalent. For example, it is much easier to recognize
maxima or discontinuities in data from a graphical representation than from a data
table. As described by Larkin and Simon [95],

Two representations are informationally equivalent if all of the information
in the one is also inferable from the other, and vice versa. Each could
be constructed from the information in the other. Two representations
are computationally equivalent if they are informationally equivalent and,
in addition, any inference that can be drawn easily and quickly from the
information given explicitly in the one can also be drawn easily and quickly
from the information in the other, and vice versa.

The implication is that some representations may be more effective in generating

explanations, predictions, or quantitative solutions.
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Larkin and Simon suggest that there are three important properties that con-
tribute to the effectiveness of diagrammatic (such as pictorial or physical) represen-

tations:

1. Localization. All relevant information is grouped together, minimizing confusion
and the need for extensive searching. For example, free-body diagrams group
the forces on each individual object separately. Energy level diagrams group
information about possible transitions between states. Energy bar charts group

information about the types of energy present in different states of a system.

2. Minimal Labelling. Because of the use of localization, the amount of labelling
required to retain a clear relationship between the diagram and the real-world
situation it represents is minimized. This makes the representation easier to

interpret and use.

3. Use of perceptual enhancement. Diagrams can make information readily avail-
able to support perceptual inferences—a natural strength of humans. For ex-
ample, a visual comparison of the relative lengths of the force vectors on a
carefully-drawn FBD reveals whether there is a net force exerted on the object,
and if so, in which direction. Carefully-drawn energy level diagrams visually
reflect the number of allowed transitions and the relative energies of the corre-
sponding photons. EBCs reflect the relative amounts of each type of energy and
present, and the fact that the total energy of the system is conserved during
any transformations. Note that straight lines (such as vectors) and bars (such
as those in energy bar charts) are particularly effective for representing the rel-

ative size of quantities. Norman [97] states that our perceptual estimates of line
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lengths are most accurate, compared to such quantities as loudness, brightness,

or the area of a circle. [p.95.]

Zhang finds that the features of the external representations affect the viewers
cognitive behavior and their success at performing given tasks. In [96], he describes
subjects’ performance on isomorphs (informationally equivalent representations) of
the game of Tic Tac Toe (TTT). He observed that the conventional version—where
subjects take turns placing x’s and o’s into a 3 x 3 grid in an effort to get three in
a row—was the easiest for subjects to play. In contrast, the most difficult version
asked subjects to alternate choosing one of the numbers between 1 and 9 in an effort
to reach a total of 15 first.

In [97], Norman describes Zhang’s findings of how the inherent features built
into the external representation affected the ease with which subjects’ could solve
isomorphs of the Tower of Hanoi puzzle. The first, most traditional version of the
puzzle consists of three pegs and three different size rings. To begin, the rings are
stacked—smallest on the bottom and largest on the top—on one of the pegs. The

goal is to move all of the rings to another peg, while adhering to three rules:

1. Only one ring can be moved at a time;
2. A ring can only be moved onto a peg on which it will be the largest; and

3. Only the largest ring on a peg can be moved to another peg.

Notice that the third rule is unnecessary in this version since if one follows rules (1)
and (2), then rule (3) is always satisfied.

The other versions had the same goal of transferring three different size objects
from one of three locations to another, adhering to the same three rules. The Orange
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Puzzle required one to move three different size oranges between plates. This version
requires the conscious application of all three of the rules. None are built into the
external representation. The Coffee Cups Puzzle required manipulating stacks of
three different size coffee cups (stacked with the smallest on the bottom and the
largest on the top—such that each cup could not fall into the coffee of the others).
This version only requires the application of the first of the three rules. The other
rules are built into external representation—in the physical attributes of the coffee
cups and the small size of the plate which required that the cups be stacked. Zhang
found that subjects could solve this version of the puzzle in less than half the time,
with almost half as many moves, and with é the number of errors, compared to the
Oranges version. A Doughnuts version, similar to the original rings version, was found
to have an intermediate level of difficulty. The implication is that, whenever possible,
building restrictions into the external representations can assist the user in solving
related problems.

All of the features of external representations discussed above serve to reduce the
cognitive load on the user’s short-term memory. “Well-chosen external representa-
tions go further, minimizing the cognitive load of working with the representation
itself.” [p. 7.] [98] The effectiveness of a representation ultimately depends on how
well the features of the representation are suited to the task for which it is being used
and the user’s ability to construct and interpret the representation appropriately (c.f.
91)).

This chapter will discuss students’ difficulties with interpretations of conventional

representations of concepts related to magnetic induction. It will also describe some of
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the successful and unsuccessful representations that students used in attempts to an-
swer questions about magnetic induction. Finally, based on the research described in
this dissertation, it will suggest features of more effective representations—including
those of dynamic simulations—for use in instruction about the complex topic of in-

duction.

6.1 Difficulties with Representations of Concepts Related to
Induction

6.1.1 Misinterpretations of Verbal Representations

Perhaps the most familiar form of representation is that of the verbal representa-
tion. However, the familiarity of this representation in everyday contexts may hinder
students’ understanding of some concepts in physics. Williams [99] notes that a stu-
dent reading a description of an unfamiliar concept that involves unfamiliar words
would recognize that he or she needs to determine the meanings of these new technical
terms. Yet if he or she read a description of an unfamiliar concept in terms of familiar
words, then “encountering no words not in his or her vocabulary, the student could
read the selection quickly and move into the material that follows. In this case, how-
ever, the meaning [that] the student derives from the selection might be different from
that intended by the author....” [p. 673.] He describes a number of words or phrases
found in textbook presentations of concepts in mechanics, such as acceleration, force,
work, energy, and power, that could be potentially misleading to students because
its scientific definition differs from that of its common everyday use. For example,
in discussing acceleration, he notes that a common dictionary definition emphasizes

increases in speed rather than any changes in velocity. The everyday notions of area
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might similarly cause students to enter instruction on induction without any thoughts
of area as having an associated direction.

Peters [59] describes a study in which honors students in an introductory physics
course were not very successful at evaluating statements (some true and some purposefully-
constructed nonsense) involving concepts in electricity and magnetism such as poten-
tial, flux, field, and magnetic moment. Peters finds that students had difficulty “using
verbal representations of physical concepts in a meaningful way.” He notes that

The results also seem to imply that the concepts are still very hazy in
students’ minds even after repeated attempts have been made to sharpen
their meaning. It may be that the trouble is not so much knowing what a
concept is, but in not knowing what it is not. ... It may be a noteworthy
point that most texts are oriented to explaining what concepts mean,
without addressing the question of what they do not mean. For physicists,
for whom the boundaries are very sharp, doing the first implies doing the
other. For students, for whom the boundaries are very fuzzy, knowing
what a concepts means does not necessarily imply that it cannot also
mean something else. [p. 507.]

In fact, of all of the possible representations, the verbal representation of a concept
is not necessarily the most effective for distinguishing between similar but distinct
concepts. In attempting to be unambiguous and complete, it can easily become
cumbersome.

” o«

Several language issues related to the interpretation of the terms “uniform,” “con-

Y

stant,” and “same,” in the context of induction were discussed in Section 5.3. These
difficulties seemed to be manifestations of more fundamental intuitive ideas rather
than simple misinterpretations of the terms used to discuss this physics context.
That is, using alternative language would not remove the difficulties. In contrast,
the following examples appear to be difficulties associated with the terminology itself

that may adversely affect students’ learning of concepts related to induction.
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“Flux” implies “change”

Section 2.3 described a free-response question that asked for students’ definitions
about the term “flux” at the beginning of the introductory physics course. The results
showed a number of responses that reflected everyday notions that are inconsistent
with the physical definition of magnetic flux. A similar free-response question was
asked about halfway through students’ instruction on magnetic induction—on the
second induction lab’s pre-test. Here, students were asked what the term “magnetic
flux” meant to them. The main results are shown in Table 6.1. At this point in
their instruction, about 34 % of the students described the term as being something
reasonably correct, like “the amount of magnetic field through a given area” or “the
number of magnetic field lines going through a surface.” The phrases “going through”
and “passing through” are very common, however, there is nothing to suggest that

these students ascribe a flow of something to the term. Other words occasionally
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used synonymously are “entering,” “penetrating,” “over,” “exposed to,” or “piercing.”
Few students mentioned anything related to the dot product in their definition of
flux. Only six said that the magnetic flux was the number of field lines or amount
of field going through perpendicular to a surface or through a cross-sectional area.
In addition, six students included in this category simply stated the mathematical
definition of flux in words, for example as “the magnetic field times the area times the
cos[ine] of the angle between them.” (Two of these did not mention the dot product.
Only one mentioned the integral.) One student who stated only a mathematical

description interpreted the dot product to involve a sine function rather than a cosine

function and so was not included in this category.
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“Flux” means | # of responses

Magnetic field through an area 75
Change in or changing magnetic | 63
field
(Implicit or explicit) flow or | 39
movement of magnetic field
Related to magnetic field itself 11
Related to a product or outcome | 12
of induction
No Answer 6

Other 15

Table 6.1: Common student responses to a free-response question about the term
“magnetic flux” given during students’ instruction on induction. (N = 221; no stu-
dents gave multiple responses.)

About 28 % of the students explicitly described the term “magnetic flux” to mean
something like a “change in magnetic field,” “the change in magnetic field through
an area,” or “the change in magnetic field over time.” An additional 17 % of the

students’ descriptions involved a flow or movement of magnetic field. Twenty-four

M« bR N1}

of these students explicitly used the words “flow,” “rate of flow,” “movement,” or
“moving through.” The other fifteen implied a flow of field by describing the amount
of magnetic field passing through a certain area in “in a certain amount of time,”
“in a certain period of time,” “in a given time,” or “per unit time.” Eleven students
described flux as the magnetic field itself, for example, as “the field lines that come
out of a magnet.” It is not clear if these students are picturing the amount of field or
field lines within some specific area—and did not mention it—or if they are thinking

of something flowing along the field lines. Regardless, these responses show that some
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students have difficulty distinguishing magnetic field from magnetic flux. 4° Twelve
students described flux as some outcome such as the result of a magnet’s motion.
For example, students stated it is “a field created by a magnet through a coil,” “the
magnetic field created by an induced current,” “the energy that’s induced when a
magnet enters a coil and produces a current,” “or the amount of emf that a ‘coil
of wire’ produces when a magnet is dropped into the coil.” These seem to be other
examples of students confusing flux with the result of a change in flux. They were
not included in the ‘change’ category since they did not explicitly state the change
idea. Instead it seems they were relying more on a memory of a specific experiment.

Overall, compared to the responses at the beginning of the quarter, we see stu-
dents progressing towards a better understanding of the physics definition of the term

Y

“magnetic flux,” although there is certainly room for improvement. The next impor-
tant question is how students’ misinterpretation of the term “flux” influences their
learning of magnetic induction. The answer seems to be that it does not preclude
understanding of induction, but it may adversely affect the learning process.

On many of the questions described in this dissertation, students used the term
“fux” in a way that was consistent with the idea of “change in flux” or “fow”
but were still able to translate their ideas into correct predictions or comparisons
of induced emf. On the Autumn 1999 quarter’s final exam, four students did so on
the Five Rectangles question, fourteen on the Two Rectangles question, and at least
one on the Two Triangles question. The clearest examples of this were the times
when students said that there was no “flux” for a loop that clearly had some field

through it. For example, one student’s explanation of a correct response to the Two

49The fact that there is no explicit physical representation for flux itself, other than as a composite
of that of field and area, does not help students make this distinction.
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Rectangles question was “1 is greater since there is a flux (increasing field enclosed).
2 is zero (no flux).” Some students were not this explicit in their explanation, but the
idea was still recognizable.

For other students, the misinterpretation of “flux” seemed to exacerbate their
struggle to understand the concept of magnetic induction. For example, it seemed to
support the intuitive idea that larger flux necessarily implies, or is synonymous with,
larger change in flux. This was especially apparent on the post-test after the initial
induction lab. Two students on the Five Rectangles final exam question, and one
student on the Generator question, mis-used the term “flux” in their explanations of
incorrect responses. For example, in response to the Generator question, the student
said that “time 1 would be equal to time 2 because of the flux which is equal.” His
use of “flux” reflects the common idea that the constant rotation in this situation

results in equal rates of change in flux at both instants.
“Flux” implies “flow”

As described previously, many students interpret the term “flux” to imply the flow
of something (usually field, charge, or energy) along a field line. This interpretation
is not inherently incorrect and can be used to arrive at correct responses. *° In an
interview, one student consistently described magnetic flux as the flow of field per
time through an area. He even clearly described the need for a changing flow to
induce an emf. (According to him, the loop then tries to return to equilibrium.) But
this students’ image of flux as a flow caused him to confuse the concepts of flux,
emf, and current. His mental image of emf was essentially that of a battery, which he
interpreted in words as a source of pushes on electrons that produces a current. When

50In fact, some form of the flow idea is occasionally preferred by experienced, successful physicists.
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asked to interpret Faraday’s Law he stated that it describes the flow of electrons per
time—the “flux.” When asked how flux and current differed, the student was unsure
what to think. Still, this student was fairly successful in answering questions about
the amount of emf induced in specific situations. Other students apply the ‘flux
as flow’ idea to support the incorrect response that even stationary loops can have
induced emf as the field flows through them, for example, as described by a number of
students on the initial induction lab’s pre- and post-test’s Question #3 (see Figures
2.13 or 4.5) Students also applied this idea to loops moving within uniform fields, for
example, to conclude that a loop moving against the ‘flow of the field’ would have
a larger flux than one moving with the flow—just as with water currents (c.f. the
initial induction labs pre-test Questions #2 and #3, described in Section 2.2.2, and
the tutorial question p.2 Q# 5(a), described in Section 3.4.2)

It is interesting to note that some students use related language involving the
“change in rate of flux” almost interchangeably with the “rate of change in flux.” This
occurred in six students’ explanations on the initial induction lab’s post-test. Most
often it did not seem to cause students to arrive at incorrect answers. For example,
one student explained correct responses on three separate questions as “current is
induced by a change in the rate of flux.” Then on a later question he explained
“the rate of change of flux is constant because constant v.” This was correct in one
situation of the question and incorrect in another (where the widths of the increasing
areas were unequal).

In addition to difficulties introduced by the use of individual words whose everyday
meanings differ from their precise physical definition, the structure or phrasing of the

language used to discuss physics concepts with introductory students may also create
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or reinforce inappropriate ideas. For example, Williams [99] notes that the common
discussion of Newton’s third law as an action-reaction pair of forces (such as for every
action there is an equal and opposite reaction) strongly suggests a temporal delay
between action and reaction. Touger [100] notes that the use of phrasing in the
form of “force acts” or “force pulls” (as in “the push accelerates the box”) may be
interpreted by students to imply that the force is sufficient to act as an agent (and
can therefore be "used up,” for example) since the cue to consider the agent that is
exerting the force has been removed.’! He recommends speaking in terms of the forces
exerted on X by Y rather than simply the forces on X. Similarly, he cautions against
naming forces such as the “force due to gravity” or “due to friction.” In the context
of induction, it seems that the common shorthand of using the language “change in
flux” rather than the more cumbersome “rate of change in flux” fails to emphasize
the instantaneous nature of the change and is more easily misinterpreted as a discrete
change over a finite time interval. As Williams [99] notes, when physicists speak to
each other, the large body of shared knowledge, assumptions, and experiences allows
the use of more efficient, but less accurate or precise “shorthand language of mutual
understanding.” But he cautions that those who “participate in both research and
undergraduate teaching, ... must be in effect bilingual, using laboratory vernacular
for its efficiency in appropriate settings, but using a much more explicit and complete
vocabulary in [their] teaching role.” [p. 670] He acknowledges that this is not easy

to do.
51Touger acknowledges that this type of phrasing may not cause students to conclude that the

force itself is an agent, but may reinforce the idea for those students who already entertain this type
of intuitive idea.
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6.1.2 Misinterpretations of Physical Representations

Another type of representation is that of physical representations. In mechan-
ics, perhaps the most common examples are those of force vectors and free-body
diagrams. In electricity and magnetism, it includes the use of vectors and lines to
represent electric and magnetic fields. Once well understood, these representations
are extremely useful as visual tools to aid in the qualitative or quantitative analysis
of a physical situation. However, at times these representations can be a source of
difficulty themselves. Shaffer and McDermott [7] discuss students’ difficulties with
circuit diagrams. For example, they note that students often fail to realize that the
formal diagram is only intended to represent the electrical elements and connections
rather than things like spatial relationships. They found students struggled greatly
to match formal circuit diagrams with more pictorial diagrams drawn to reflect real
circuit layouts. Students also had trouble recognizing when several visually-different
circuit diagrams represent electrically identical circuits.

Ambrose et al [101] studied students’ understanding of the conventional represen-
tation of light as a propagating electromagnetic wave. In particular, they found that
about 60 % of approximately 1275 students, after traditional calculus-based introduc-
tory physics instruction, interpreted the plane wave as having a finite spatial extent
corresponding to the amplitude of the sinusoidal electric and magnetic field curves
in the representation. Students in an algebra-based class performed similarly. (After
their tutorial instruction, only about 10 % of the students retained this idea.) * The

52This seems like a natural interpretation for students given their extensive experience with posi-
tion graphs. And the spatial extent of the curve does contain relevant information—the magnitude
of the field at that point. Students just need to realize that this is also the magnitude of the field
at every point in that plane.
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researchers also saw students apply this idea in the context of the diffraction of light
through narrow slits. They observed students draw sinusoidal curves to represent
light impinging on a slit and reason that light would get through only if its amplitude
was small enough to fit through the slit. Others explained that only ‘pieces’ of the
wavefunction gets through slits—the rest is cut off by the wall of slit. Further, they
found that students did not recognize the link between electric and magnetic fields as
described by Maxwell’s versions of Faraday’s Law and Ampere’s Law. Students felt
that if a polarizing filter absorbed all of the field in one plane (say, the magnetic field),
then the light would only have an electric field component after passing through the
filter.

Section 2.2 discussed the difficulties students have with the field line representa-
tion in general, especially in the context of electrostatics. This dissertation research
has also shown instances where students seem to focus on inappropriate aspects of
the magnetic field line representation to answer final exam questions on magnetic
induction in an unexpected way. For example, on the Two Rectangles final exam
question, given in Autumn 1999, one student says “at the instant shown, the emf in
loop 2 is greater than in loop 1. This is because the change in magnetic field lines is
greater at this instance.” It seems that this student is referring to the fact that Loop
2’s “x’s” are on the line of the leading edge of the triangular loop, while Loop 1’s are
not. (Note this occurred even though the diagram was constructed with great effort to
remove sources of superficial misinterpretations of the representations.) Similarly, on
the preliminary study involving the Five Rectangles question, twelve students seemed
to misinterpret the representation of the magnetic field for part b) of the problem.

For example, some explicitly counted the number of field lines (dots representing
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magnetic field out of the page) in order to judge how much flux there was in each
loop. This gave a different ranking than considering flux as the area of the loop in-
side the field. Neither of these methods gives a correct answer to this question, but
misunderstanding the representation only adds another layer of confusion for these
students to overcome.

In addition, a few students who were applying a Lorentz force idea to determine
the direction of current in each loop in part a) of the question said that Loops 1 and
3 would have no induced current since the field was zero “where the v is specified.”
In other words, because there was no field line (‘dot’) touching the velocity arrow for
these two loops, the B in the Lorentz force equation is zero. These students seem
to be taking the field line representation too literally, thinking that the field only
exists where the dots are shown. Here, as mentioned previously, the difficulty is not
very common for our students—occurring in only several students’ explanations out
of over three hundred.

Several students working on question #5b on the Tutorial materials (described
in Section 3.4 and shown in Appendix D) also incorrectly used the number of field
lines drawn to conclude that the flux through the loop in Case II must necessarily be
greater than that in Case III. Again the field line representation is not intended to be
interpreted so literally. In this case, in particular, the attempt to represent a three-
dimensional situation in two-dimensions adds to the confusion of the representation.

Throughout the Autumn 1999 quarter, there were a handful of students who
relied on the field line representation itself to determine when and how much emf
would be induced in a given situation—describing the number of field lines being

“cut” or “broken.” This idea was most often used successfully, even prior to the
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instruction on induction. It seems to be a very useful technique, perhaps taught to
students in previous courses. However, the field line picture is not as effective (as a
vector representation, for example) at making the information about the direction of
the field stand out. On the Generator final exam problem, the few students relying
on the number of field lines being cut or broken often said that the flux was not
changing at the instant when the normal to the loop was perpendicular to the field.
The field line representation did not help them realize that the field changed from
having a component along the normal (immediately prior to that instant) to having
one opposed to it (immediately following that instant). That is, the flux changed sign
and therefore the net change in flux was not zero.

It is possible that some of the students are influenced inappropriately by the visual
representation of the magnetic field as lines (or vectors) impinging on the loop in the
Generator problem. In the lab prior to the initial induction one, and possibly in
lecture as well, students learn about the force exerted by magnetic fields on current-
carrying wires. Students use the concept of torque to analyze the action of a simple
motor —loops of wire carrying an alternating current rotating in a magnetic field. So
it is possible that the field lines or vector arrows are, consciously or sub-consciously,
interpreted as force vectors “pushing on” the loop—triggering an association that
more torque would be exerted on the loop when its face is perpendicular to the field.
Even if they are aware that this question is asking about emf, this visual influence
might reinforce an already-present intuitive idea that more flux creates more emf.

In fact, it is possible that the physical representation of magnetic field as lines
with arrows somewhere on them or as vector arrows might act as a fundamental

visual cue that contributes to students’ interpretation of the magnetic field as moving
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or flowing along those lines or arrows, as described previously.[102] In an individual
interview, one student who consistently applied an image of flux as a flow of field
through an area acknowledged that he found it very difficult to visualize a case in
which the South pole of a bar magnet approached a loop from the left. He said “...so
the [velocity’s] arrowhead is going right, but the field is increasing to the left and
that’s what’s screwing me up...” It appears that he could not make sense of his ‘flow’
image when the motion of the magnet was opposite to the direction of the magnetic
field. This student felt much more comfortable reasoning about the case of a North
pole approaching the loop.

Graphs are another common physical representation for quantities in physics.
They are very useful since they can reveal patterns in large amounts of data from a
brief visual inspection. This is only true, however, if one has the proper interpreta-
tion skills. In fact, several studies, mainly in the context of kinematics, have shown
students struggle with graphical interpretation. (c.f. [82], [83].) For example, when
asked to produce a graph of velocity versus time, students will often draw a vertical
position versus horizontal position sketch of the object’s observed path.

In addition, Goldberg and Anderson describe students’ struggle to interpret or
represent negative values of velocity on graphs. [103] For example, the researchers
describe one student’s explanation that as an object rolls up an incline and then
changes direction and rolls back down, the graph representing velocity versus time
should somehow change when the object’s direction changes. The correct graph, that
continues in a straight line as it goes from being positive-valued to negative-valued,
simply does not seem to represent a sufficient change for this student. The researchers

found that students had similar difficulties interpreting the negative values of graphs
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of force versus time. They emphasize that students tend to interpret positive slopes
of negative values as increases in the magnitudes of the quantities—ignoring the
information that the sign conveys about the direction of the quantity. They conclude
that students would likely “misinterpret the ‘negative’ part of any graph of the one-
dimensional component of a vector quantity as a function of time.”

It seems likely that students would have similar difficulties interpreting the ‘neg-
ative’ portions of scalar quantities such as flux or emf in terms of the directions (of
associated magnetic field or current) indicated by their signs, as well. For example,
during the second induction lab, one group of students initially sketched a graph-
ical prediction that the emf would increase linearly as the magnet approached the
solenoid, would remain constant while inside, and then would increase linearly again
as the magnet exited. After the instructor (not associated with this research) ex-
plicitly discussed the signs of the change in flux and emf, these students modified
their prediction so that the last segment of the graph decreased linearly back to the
horizontal axis—but from above rather than below (as in Figure 3.6(d)).

Beichner [82] and others also report that students tend to confuse the slope of a
graph at a point with its value on the vertical axis at that point. This seems related
to the confusion of a quantity with its rate of change. In general, as described in
detail in Section 3.3, many students struggled to draw and interpret graphs of emf

and flux versus time in the second induction lab’s activities.

6.1.3 Misinterpretations of Mathematical Representations

Mathematics is the universal language of physics. When one is familiar with its

concepts and notations, it can be a very powerful and concise way to manipulate
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and communicate ideas. It is highly streamlined and unambiguous. However, inex-
perienced users can find it difficult to maintain the connections between the highly
abstracted, complex representation and the physical system it represents. Students
can and do misinterpret this representation to reflect physically inaccurate views. For
example, as described in Section 2.1.1, Viennot and Rainson [31] observed many stu-
dents interpret ® = % to support the idea that the electric field at a gaussian surface
located inside a uniformly-charged insulating sphere is only due to the charges inside
the gaussian surface, rather than due to all of the charges in the universe. In a later

o

paper, Rainson et al [32] also found students misinterpret the equation ¢ = Z n
to support the idea that the field located outside but near a conducting surface is
due only to the charges on the conductor (since ¢ appears in the equation) rather
than all of the charges in the universe. Harrington [33] reports that some students
misinterpret the ‘¢’ in Coulomb’s Law, E = %, to be that of a test charge rather
than the source charge in a given situation. Our research also showed that students
misinterpret the definition of electric field, £ = —%, to support the idea that F is
proportional to V, the electric potential.

In a number of ways, students seem to misinterpret the mathematical representa-
tion to support incorrect applications of the intuitive ideas described in Chapter 5.
Students sometimes misinterpreted Ohm’s Law, ¢ = I R, to suggest that if there was
no induced current then there would be no emf, rather than the other way around.
Similar misinterpretations of Ohm’s Law have been seen by Cohen ef al in the context
of electric circuits.[55] In addition, several students in the honors physics 132 course

reasoned that if one loop has a greater resistance than others, then it would have a

greater voltage (or emf) because of Ohm’s Law. Viennot and Rainson suggest that
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this may be a tendency for interpreting any equation, since often equations are seen
as ways to calculate the quantity on the left-hand side, rather than as a relationship
among variables. [31] Research in math education (c.f. [104]) also reports on math
students’ lack of understanding of functions, as mentioned in Chapter 2.

In addition, the preliminary study using the Five Rectangles question (Section
4.1) described 27 students who explicitly used an equation to support their incorrect
ranking of the induced emfs. Most often students stated that e = A % to support
the idea that the total area of the loop or the area of the loop presently inside the
magnetic field would affect the amount of induced emf at that instant.®* These
students were not correctly interpreting ‘A’ as the area in which flux is changing over
the next (infinitesimal) time interval. At least one student performed a slightly more
complete calculation, that e = B % = BL‘é—f = BLw, but then interpreted ‘L’ as the
length of the loop already in the field—even though he had originally labelled it as
the width on his diagram. It seems that this student’s strong intuitive idea (¢ « )
inappropriately influenced the way he interpreted the mathematical representation.

Several students on the Generator final exam question explicitly stated that the
emf at Instant 1 would be zero since the flux equals zero at that instant ande = & = 0.

dt

Similarly, some students stated that

id; BA
_ _B4 6.1
TTa T a (6.1)

This misinterpretation of the time derivative as simply a unit of time, “dt,” often led

to incorrect answers. One student used Equation 6.1 to support his response that since

53Instruction must emphasize the interpretation of ‘A’ in this type of equation as the area inside
the magnetic field rather than the total area of the loop. Similarly, when one interprets the ‘B’
in % one needs to consider the change in magnetic field through the face of the loop rather than

anywhere else.
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the magnetic field, areas of the loops, and angular frequency were all constant, the
induced emfs at both instants shown must be equal. He seems to associate the “dt”
with the angular frequency alone rather than with the rate of change in flux at any
specific instant. He uses the mis-written equation to support the ‘constant and same

implies equal’ idea. A different student used Equation 6.1 to support the ‘constant

(Bmr?)

T and

implies no change’ idea described in Section 5.3. He expressed this as € =
concluded that “for emf to be induced there must be a change in time there for [sic|
there is no induced emf in either loop.”

Perhaps the most extreme example of misinterpreting the equation for Faraday’s
Law is to support the response that emf is inversely proportional to time. As one
student explained on the initial lab’s post-test (regarding a square loop expanding in
a uniform field), as time goes on, the emf must get smaller so the emf at the first
instant is greater than the second. This student is interpreting the mathematical
representation very literally—using the fact that time is in the denominator. At
least one student used a similar idea on the second induction lab’s pre-test to predict
that the induced emf in the solenoid would be linearly decreasing. He explained
that “the shorter the time, the bigger the emf is.” This student, and many of those
described previously, may be attempting to reason qualitatively about the variables
in an equation as we teach them to do. But they don’t seem to have sufficient practice
(in this context, at least) to do so successfully.

Many of the students who used a Lorentz force idea—especially on the initial lab’s
pre- or post-test—seemed to misinterpret the equation F= qu X B either explicitly
or implicitly. Most often these students used this equation to support the idea that

the brightness of the bulbs would be proportional to the speed of the loop or the
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strength of the magnetic field (or both)—even when one of the relevant quantities
(velocity, field, or dot product) was zero.

A final issue is students’ confusion of the “dA” in the mathematical representation
for the definition of flux (f B - dA) with that in the time derivative in Faraday’s Law
(e=—-N B%).54 Mathematically, dA represents an infinitesimal area. In fact, the
dA in both the integral definition of flux and in the time derivative for emf do both
correspond to small units of area. However, in the case of the flux integral the dAs are
being added to determine the total amount of area in which there is field while in the
case of the time derivative associated with emf, one is interested in how the dAs are
changing size or orientation in time. That is, although the dAs themselves represent
the same thing, that does not mean dA is equivalent to %. One way to see this is
to consider when the dAs contribute to the total flux or emf. For flux, it is those in
which some magnetic field exists parallel to its normal. For emf it is those in which
the field (parallel to its normal) is increasing or decreasing—regardless of whether its
value at that instant is zero. This is exactly the distinction between flux and change
in flux. For these students, the mathematical representation of these concepts seems
to contribute to their confusion.

When asked to define the term “magnetic flux” on the second induction lab’s
pre-test (halfway through instruction), two student’s responses explicitly expressed
the idea that flux involves a change in area. For example, one student first stated
the integral definition of flux and then interpreted it as “the magnetic field times the
change in area.”

54This might also reflect a lack of distinction between a change in time and a change in space, in
the context of induction, for some students.
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Other students applied this type of reasoning in their responses to the questions
described throughout this work. For example, a sixth question on the initial induction
lab’s post-test involved a region of increasing area within a uniform magnetic field. In

his response to this question, one student started by saying that “c = AA—T =[B.44"

N
He continued that “since B is the same [i.e. uniform|, ¢ @ AA....” (He incorrectly
concluded that the loop with larger area at that instant would have more emf.) We
see AA in his equation represents both the dA in the flux integral and that involved
in the time derivative.

One student’s response on the Two Rectangles question (shown in Figure 4.13)
also exemplifies this difficulty. He began by stating that |&;| = % = B [dA; and
g9 = B [ dA;. While this might look like a simple mathematical oversight or another
case of confusing the ideas of flux and change in flux in general, this student goes on
to explain that “the differential areas of loop I and loop II are [the| only factors that
determine the difference in magnitude of emfs. Since dA; = dAs at an instance, emf
induced around loop I = emf around loop II....” This student is clearly using the dA
from the flux integral to refer to the % happening “at an instance.” He is confusing
flux with change in flux, as mentioned often throughout this work, but in this case
the specific difficulty with the mathematical representation of the physics seems to
be supporting his confusion.

A different student exhibits this difficulty on the Generator exam question. To
support her answer that emf at Time 1 is less than that at Time 2, she says that “...emf
is dependent on ‘13%, d®p = B-dA or A-dB, since B is uniform emf depends on A,

A is larger in Time 2 than Time 1.” She begins with the correct change in flux idea.

She then seems to consider whether it is the field or the area that is changing in this
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situation, concluding that it is the area. Considering the change in the projection
of the area (whose surface is perpendicular to the magnetic field), Acos(#)) is one
reasonable way to look at this problem. However, the way this student uses the
mathematical representation in her reasoning seems to lead her from considering the
change in area over time to a considering the constant area of the loop. By stating
that d®p = B - dA or A - dB she is connecting a time rate of change of flux with
the definition of flux itself. The fact that she eliminates the second term on the
right-hand side because B is uniform (i.e. dB = 0) shows that she is thinking of dA
and dB as changes rather than infinitesimals. Again, this student seems to interpret
the mathematical representation incorrectly in her reasoning to support the intuitive
idea that emf is proportional to flux..

Finally, one student clearly exhibited a confusion of the interpretations of dA while
estimating the maximum induced emf in the second induction lab. She struggled with
the calculation of change in flux, describing that % = B - A since the derivative of
the integral gives you back the function itself. This student is not fully aware of the
fact that the integral in the definition of flux is over an area while the derivative
in Faraday’s law is taken with respect to time. While this is a conceptual difficulty
related to understanding the ideas of functions, derivatives, and integrals, it seems
to be influenced by the sparseness of context and subtle nature of the mathematical
representation itself.

6.2 Suggestions for Representations of Induction-Related Con-
cepts

Good visualizations for magnetic flux and emf don’t really exist. While the use of
the field line representation is common for visualizing the concept of magnetic field,
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there really are no common physical representations of magnetic flux itself, or for emf.
This makes it harder for students to distinguish field from flux and to visualize changes
in flux—especially instantaneous changes. The standard representation for magnetic
flux is the number of field lines passing through a loop. When asked to represent
‘flux’ during the initial induction lab activities, no one sketched anything other than
this. Most described it verbally as the number of field lines or the amount of field
through, at, or in the loop. While this gives a reasonable general idea of the concept,
these representations do not always help students answer specific questions about
induction and, at times, the representations themselves may contribute to students’
difficulties, as has been previously discussed.

Several examples of simple equipment have been suggested to help students vi-
sualize magnetic field distributions and magnetic flux. In an interview, one student
commented that iron filings, used in a lab activity, were a helpful tool for visualizing
the invisible magnetic field distribution of a cow magnet. The filings were suspended
in a clear liquid inside a three-dimensional acrylic box with a tunnel through the
center into which the magnet could be inserted. Small bar magnets suspended such
that they can rotate in three dimensions can also help students map out magnetic
field distributions, but these do not produce lasting visual images. One could also use
light, for several simple cases, to make the concept of magnetic flux more visible for
students. For example, a grid of laser pointers could represent the magnetic field. A
translucent, bendable screen bounded by a conducting “loop” would then allow stu-
dents to explore the amount of flux (number of spots of laser light) through the loop
as the field, area, or angle between the two are varied.[105] This is similar to using

nails secured through a board to represent the magnetic field. Using light is perhaps
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more versatile, however, it also has a greater risk of reinforcing students’ ideas that
magnetic flux is a flow of something in the same way that light can be thought of as a
flow of photons. All of these tools are only convenient for fairly simple configurations.
Most don’t provide information about the direction of the fields they represent. None
can help students see the actual magnetic field distribution inside a current-carrying
solenoid.

Students don’t have much of any visualizations for emf. When asked in formal
and informal interviews, the only representation suggested was that of a battery or a
battery symbol. Since emf most closely resembles voltage, this is reasonable, but it is
not very useful for answering questions about when and how much emf is induced in a
given situation. Several students referred to or sketched graphical representations of
emf in reasoning about a problem (such as the generator problem), having seen such
graphical representations in the second induction labs and in several simulations. This
representation may be helpful, especially to recall the distinction between flux and
emf or to recall that emf is not always constant, but is not always easy for students
to construct and interpret successfully.

It seems very important that any representations of the concepts related to induc-
tion should attempt to visually distinguish between the related quantities involved—
especially magnetic flux and the rate of change in flux. This can be done by identifying
the amount of flux present at two neighboring instants in time and then comparing
these to determine the amount of increase or decrease in flux in a given (small) time
interval. (This technique is used in the tutorial materials in Appendix D and in some

of the induction-related exercises in the Tutorials in Introductory Physics [17] devel-

oped at the University of Washington.) It is even better if one can explicitly represent
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the amount of change, for example as shown in Figure 6.2 for the Five Rectangles
question described previously. The darker grey regions represent the amount of mag-
netic field that each loop has ‘gained’ in a small time interval surrounding the instant
of interest. Because the loops are moving at the same speeds, they all move the same
horizontal distance in the same time interval. But since Loop 5 has the largest width,
it experiences a greater rate of increase in flux. Unfortunately, this visualization is
only easy to do for cases of increasing area within a magnetic field. It is slightly
harder to visualize for decreasing area or for changing magnetic field strength within
a constant area. It is perhaps hardest to do for a case involving relative rotation
between the field and area. Viewing graphs of flux and emf may help students realize
that flux and its rate of change are distinct, but these representations may be harder

for students to generate correctly.

Ll
|

Figure 6.2: Representation to aid in visual comparison of the change in flux over a
small time interval (the darker grey regions) for each of the five loops moving in a
region of uniform magnetic field.
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A number of students spontaneously drew diagrams while answering induction-
related questions throughout the Autumn 1999 quarter. It may be useful to look at
what representations these students chose to use and whether or not they were used
successfully to arrive at a correct answer. Some examples will be described in this
section.

On the initial induction lab’s post-test, two students drew diagrams to aid in
answering the sixth question regarding a comparison of induced emf in two loops
expanding in a uniform magnetic field. (See Figure 6.3) Figure 6.4 shows re-creations
of the students’ sketches (on the diagrams given in the question). Both of these stu-
dents gave correct answers to the questions for which they drew these diagrams. (This
question was fairly difficult for students, overall, at this stage in their instruction.)
However, the student’s sketch shown in Figure 6.4 (a) does not isolate the change
in flux near the instant of interest. He did not draw a similar sketch for part a) of
this test question and did not get that part correct. His explanation of his answer
in part a), that D < E, was that “A Flux is positive and Flux is greater in E.” This
suggests the use of a combination of the ideas of flux and change in flux that is not
inconsistent with his diagram for part b) of the question. So although he answered
part b) correctly, stating that “A Flux is greater for D,” it is not clear that this
representation is a good one in general. This student correctly used the “A Flux”
idea to get correct answers on four of the other five questions on this test. Only on
Question #3 did he use a flux idea alone to answer the question—as did most of the
other students.

The student who drew the sketch in Figure 6.4 (b) also did not sketch anything

for part a) of the question, but used the “change” idea to get both parts correct.
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In each picture below, the connecting wires of alight bulb are dliding horizontally
on top of a 3-sided metal rail, inside aregion of uniform magnetic field. (All
resistances are negligible compared to that of the bulb itself.) The magnetic fields
areidentical, and directed out of the page ([:]). The dimensions are as shown,
but all rods move with the same constant speed, v.

Compare the brightness of the bulbs in each case. Explain your reasoning.

Explain:

D >E (D isbrighter)

D <E (Eisbrighter)
D = E =0 (neither lit)

==
©

$<
e
O

¢<

<4 = D =E # 0 (lit equally)
D F L
D >F (Disbrighter)
¢ D <F (Fisbrighter)
W 1 _ _ . .
Vs w/2 v D = F =0 (neither lit)
¢ O O% D =F z0(lit equally)

Figure 6.3: Question #6 on the initial induction lab’s post-test.
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Figure 6.4: Spontaneous student representations to aid in comparing the brightness
of bulbs in situations D and F on the initial induction lab’s post-test.

His visual representation seems more effective at isolating the change in flux for each
situation. In his verbal explanation, he compared the rate of change in area for both
cases (although his notation often compared the dAs involved instead of % explicitly).
He also used a “change” idea on four of the first five questions on that test—including
Question #3. (He got Question #4 wrong, saying only that outside the coil there
would be no induced current.)

Five students spontaneously drew diagrams on the Autumn 1999 Five Rectangles
final exam question (shown in Figure 4.11). Their diagrams are re-created in Figure
6.5. Three of them were simple diagrams to show that the direction of the induced
magnetic field, related to part b) of the question, would be opposite to the original
magnetic field. One of these sketches was made to look three-dimensional (see Figure
6.5(a)) while the other two were simplified to two dimensions (see Figure 6.5 (b) and

(c)). Both of these had two horizontal lines—possibly representing a “before and
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after” idea. Two other students sketched a small diagram for part a) of the question,
representing the small region, dA, in which the field would be changing in a short
interval of time. (See Figure 6.5 (d) and (e).) This was represented as a small box
compared to a box twice as tall (for Loop 5) or as a shaded region where each loop

was entering the field. All of these students got the corresponding questions correct.

® ®
Bi \Y;
B/ Bi ot—® @l
66% | o % o JA_ H D ® ®
i B #5’s  others’
dA dA
@ (b) (© (d) (e)

Figure 6.5: Spontaneous student representations (recreated on the computer) to aid
in answering the Five Rectangles final exam question, shown in Figure 4.11. The
first three concern the direction of the induced currents, and the last two concern the
magnitudes of the induced emfs.

Eleven students spontaneously drew diagrams for the Two Triangles final exam
problem, shown in Figure 4.13. Figure 6.6 shows re-creations of those that cor-
responded to incorrect student answers. For example, Figure 6.6 (a) and (b) show
cases where the students were thinking of a finite time interval rather than the change
at the instant in question. The student’s diagram shown in (a) shows a “before” and
“after” arrow diagram representing the field or flux through each loop before entering
compared to at the instant shown—similar to that shown in Figure 6.5 (c) above.
This visual image is not inherently incorrect. The student just needs to be shown the

way to modify the image to represent instantaneous induction instead of that over an
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extended time interval. The student’s diagram shown in Figure 6.6 (b) emphasizes
the area left to change. This reasoning gives the correct answer in this case, that Loop
1 would be greater than Loop 2, but for an incorrect reason. Again, this visualization
could be modified to apply to the appropriate instant in question.

The student who drew the third diagram explained that Loop 2 “has more area
in the magnetic field at this instant,” and therefore more flux and more emf. This
student has drawn two rectangles to represent each of the triangles—one to show the
area already inside the field and the other to show the area outside the field. It is
possible he did this in an attempt to make the situation more similar in appearance to
those with which he was more familiar. However, in doing so, he seems to have altered
a key feature of the two loops—mnamely, the length of the region experiencing a change
in flux at the instant shown. His diagrams do reflect which loop currently has more
area inside (the feature he intended to represent). However, if he could be shown that
this is not the relevant feature, he could be shown how to preserve the feature that
is relevant, and then his type of diagram could be used to arrive at a correct answer.
(At least it does emphasize the appropriate instant in time.) Because these students
spontaneously drew diagrams, it is possible that they find visual images useful in
analyzing these situations. They may respond well to being shown ways to improve
their visual representations to help lead to successful interpretations. Looking at ways
successful students represented their thinking may be useful to generate ways to help
these students.

Figure 6.7 shows re-creations of student-generated diagrams that correspond to
correct answers to this question. These students correctly emphasized the length of

the region where each loop was entering the field—that is, where the magnetic flux
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Figure 6.6: Spontaneous student representations (recreated on the computer) that
were unsuccessful in answering the Two Triangles final exam question.

is changing at the instant in question. They correctly concluded that Loop 1 would
have more induced emf than Loop 2 at this instant. Students who drew (b), (e), and
(g) explicitly explained that the rate of change of flux or area in Loop 1 is greater
than that in Loop 2. The student shown in (d) says Loop #1 has greater emf because
there’s a “larger area where % occurs.” His diagram imprecisely reflects this thinking,
but the idea is good. Others do not mention ‘change in flux’ explicitly. For example,
the student who drew the diagram shown in (c) said “loop 1 is greater because the
surface area entering is large[r] than that of loop 2.” The student in (f) said “#1 +

#2 have the same area, same velocity, But the z [I drew] of #1 was greater....” The

student in (h) said only that loop 1 is greater because distance a is greater than b.
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However, this student performed very well on all of the induction questions and on
the CSEM overall.

While the majority of students did not draw any diagrams for these exam ques-
tions, it is possible that more drew simple diagrams for this question than for the Five
Rectangles exam question because it was less familiar since it had equal velocities but
different rates of change in flux. (No students drew diagrams for the Two Rectangles
question—the easiest of the set.) While many students may be internally visualizing
images as they consider the situations in the questions, they may not feel it necessary
to construct external representations unless the situation is more complicated or un-
familiar. In these cases, a visual tool can be useful as an aid to reasoning. Zou [76]
observed a similar effect in students’ spontaneous use of energy bar charts for solving
work-energy problems.

It is interesting to see the wording students choose when they express the idea of
change in flux. For example, on the Two Triangles final exam question, one student
said “the emf induced in #1 is greater because the change in the B-field is greater
per unit time than in #2, who is only gathering more B-field by a small tip of the
triangle.” This description of gathering field (in a unit time) is useful for him. (Note
he also seems to be personifying the loops.) Other students describe the correct idea

as:
e “the change in flux is greater because the area entering the B is greater;”
e “the area that is newly exposed to the flux is greater...;”

e “..change in area containing B field is greater in loop #1;”
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Figure 6.7: Spontaneous student representations (recreated on the computer) that

were successful in answering the Two Triangles final exam question.
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e “there is more of a change in the amount of field lines going through 1 than 2;”

and finally,

e “..even though the triangles are identical, we care about how much ‘edge’ is

contained in the surface at a given instant....”

Note that these students’ verbal representations are very suggestive of the images
shown in Figure 6.5.

In questions such as those on the initial induction lab’s pre- and post-test, some
students used the language (and perhaps the visualization) of loops “breaking” or
“cutting field lines.”% Most of the time, students use this idea successfully. For
example, several students used this reasoning for the fifth question on the pre-test—
the one involving relative rotation between a magnet and loop—+to correctly determine
that the one that rotated similar to a generator would light since it was breaking or
cutting field lines, while the other rotation caused no such breaks. However, this idea
is not always successful, even in the same context. It appears to be harder to apply it
to determine the amount of emf induced as the loop rotates. As described above, one
student who attempted to use it on the Generator final exam question was not able to
get the correct answer. He reasoned that the loop was cutting through approximately
the same number of field lines at both instants shown during a constant rotation and
so concluded that the induced emfs would be equal at both instants. In fact, there
is more emf at Instant 1 than at Instant 2. The “breaking field lines” idea is not
always precise and does not seem effective for the analysis of a situation in which the
loop’s normal changes from being along the field to against the field. It is perhaps

55This is reminiscent of Faraday’s description in 1852 (as quoted in [37], p. 41) that “the quantity
of electricity thrown into a current is directly as the amount of curves intersected.”
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more useful in determining whether any emf is being induced (as deciding whether
any field lines are being cut as time goes on) and in determining the relative amount
of induced emf in situations where the rate of change in flux is constant (but perhaps
with different constant values for different cases).

On the Generator exam question, at least two students drew a graphical repre-
sentation of flux versus time to aid in comparing the induced emf at the two instants
shown. One student’s graph oscillated like a sine wave, but was offset such that it
never crossed the horizontal axis. The student did not include information about
the sign of the flux on the graph (since the graph never went negative), however,
he did correctly interpret the slope of the graph at the two relevant instants. The
second student’s graph was similar to a sine wave about the horizontal axis, however
she did not indicate the relevant time instants for the question and did not arrive
at a correct answer. A third student sketched the field through the loop at instants
before and after the times in question. (See Figure 6.8) This technique of explicitly
visualizing the amount of flux immediately before and after the instant of interest
is often a very useful one for solving problems related to magnetic induction. The
tutorial materials shown in Appendix D suggest a similar procedure and, in fact, this
student was in one of the sections that had worked through the tutorial in place of the
second induction lab. However, it is important to include the sign of the flux in the
process. As mentioned elsewhere, students may have trouble remembering to include
the sign of flux since it is a scalar quantity. That is what this student is missing. He
concludes that the change in flux is the same for both instants here. Instead, the flux
has changed greatly for an infinitesimal interval around Time 1 since it went from

having a component of the field against the normal to having a component of the
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field along the normal. In contrast, near Time 2 the flux has not changed in either

value or sign.

Timel Time2

FN T

Figure 6.8: Spontaneous student diagram (recreated on the computer) for the Gen-
erator final exam question. It depicts the amount of flux before and after the two
instants in question.

In general, from looking at students’ spontaneous representations while solving
specific induction-related problems, it seems that applying a ‘comparison of flux at
neighboring instants’ (‘before’ and ‘after’) can be useful, but does not guarantee suc-
cess. Students still need to learn how to apply this strategy successfully. Further,
while Figure 6.4 shows instances in which students’ analyzed ‘single snapshots’ un-
successfully, Figure 6.5 shows a number of examples in which students were able to
use this view successfully. The critical element here seems to be students’ correct
focus on the length of the loop at the boundary of the magnetic field—the region

where the flux is changing at the instant in question.
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6.3 The Role of Simulations as Representations of Induction-
Related Concepts

Since the phenomenon of induction is inherently dynamic, it seems natural that
simulations could help students visualize and analyze the relationships among the
concepts involved. As a preliminary attempt to identify the features of simulations
that might help improve students’ understanding of induction, we conducted formal
and informal interviews with a small number of students using several readily available
induction-related simulations in two contexts. First, several groups of students in
several laboratory sections had a set of simulations from Open Physics [106] available
during their initial induction lab (both the guided-inquiry and competing hypothesis
versions described in Sections 3.1 and 3.2). Two of these simulations involve dynamic
pictorial representations of induction situations. The first depicts an extended coil and
a magnet whose long axes are aligned. Students can drag the magnet or coil toward or
away from the other. As one is moved, an arrow appears whose length and direction
represent the current induced in the coil. Students can also observe the deflection
on a pictorial representation of an analog voltmeter. The second simulation depicts
an extended coil connected in a circuit with a battery and a switch. Clicking on the
switch opens or closes it, again initiating a transient arrow representing current in a
second concentric coil and a transient deflection of a voltmeter. T'wo other simulations
were from ActivPhysics 2 [42]. One involves a physical representation of the sliding
rail “loop” similar to that shown in Figure 6.3 (without the light bulb). Although
students cannot drag the bar themselves, they can alter the speed of the bar, the
width, the field strength, and the resistance of the bar. They are shown the values

for each of these parameters as the simulations runs. Another simulation involves a
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physical representation of a generator. When the simulation is run, a circular loop
rotates in a uniform magnetic field (represented by a row of arrows). Graphs of flux
and emf are drawn synchronously as the loop rotates. Either or both graphs can be
“turned off,” and the angular frequency and magnetic field strength can be varied by
the student.

In addition to these simulations, two others were used in individual student in-
terviews. The Faraday Physlet, developed by Christian [107] again involves a sliding
rail “loop,” and in many ways is similar to the corresponding ActivPhysics simula-
tion described above. However, this simulation allows the student to drag the sliding
bar to investigate the effect on the induced emf. It also allows the instructor or the
student to input magnetic field distributions that vary in the plane of the loop. This
Physlet also uses a color gradient to represent the magnetic field distribution. Higher
density of color corresponds to stronger fields and red and blue indicate the direction
of the field as either into or out of the plane of the computer screen. The final sim-
ulation was another involving a generator. In contrast to the one described above, it
attempted to depict the three-dimensional context of a large U-shaped magnet (with
its magnetic field lines only shown as uniform in the region between the poles), and a
rotating square loop connected to a voltmeter. As the loop rotates, transient arrows
depict the force on the rotating loop as a result of the induced current present in
the magnetic field. A highlighted point moves along a sinusoidal graph of induced
potential difference as a function of time.

In formal and informal interviews, students described a number of features that

they felt were useful:
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1. Ease of visual comparison. Students commented that they found the simul-
taneous graphs of flux and emf useful to visually distinguish between these
quantities—especially for the generator situation. In this case, they could see
that the induced emf is maximum when the flux is zero, and vice versa. This
is similar to the feature of Van Heuvelen’s energy bar chart simulations (in
ActivPhysics 1 [42]) that retains the ‘initial state’ bar chart on all subsequent
screens showing the dynamically changing bars, as the process moves towards
the ‘final state.” ®® In a simulation involving Atwood’s machines, Grayson and
McDermott [56] displayed two Atwood’s machines side by side so that students
could easily (visually) compare velocities and accelerations under different con-
ditions. Lowe [108] also notes that a side-by-side arrangement of very similar
diagrams, in general, automatically prompts viewers to compare them for dif-
ferences. He recommends the use of exaggeration of the changes and dotted
lines (showing the ‘original’ position on the ‘final’ diagram) to help the viewer

make the comparisons. [p. 79]

2. Interactivity. Students are able to move objects such as magnets or coils to
investigate the effects. For example, using the Physlet, they can drag the sliding
rail side of the ‘loop’ with constant velocity and see (via meter readings or a
graph) that a constant emf is induced. In other cases, they can see that a
constant velocity can sometimes produce a non-constant emf (for example in a
non-uniform field). They are also able to see the effects on the induced current
or emf of changing the values of various parameters. (As with real experimental

56This feature was suggested to Van Heuvelen by a student who had worked with preliminary
versions of the simulation.
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equipment, these activities can still be done in a predict-observe-explain cycle.)
In addition, students are able to repeat observations multiple times and at
slower rates—even pausing motion and advancing frame by frame—to study
the phenomenon in detail and at their own pace. For example, this is extremely
useful for investigating at which instances the maximum emf is induced during

the generator’s rotation.

Grayson and McDermott [56] report that they used this and other design fea-
tures in their simulation involving Atwood’s machines in order to help students
analyze the situations correctly rather than “seeing what they expected to see.”
Their simulations allow the motion to occur more slowly than when using real
equipment. For example, this allows students to notice when the speed is con-

stantly changing.

Students in the second induction lab often attempted to do ‘slow’ runs—moving
the car and magnet slowly by hand to try to investigate the induced emf at every
step along the motion. While it is good for students to attempt to investigate
the phenomenon by controlling real equipment, in practice, performing the ex-
periment slowly greatly reduced the signal of induced emf (and therefore the
signal-to-noise ratio as well) that they were trying to observe. A combination
of real equipment and flexible interactive simulations would perhaps be ideal.

Slow motion reruns of videos of real experiments could be very useful as well.

. Idealized effects. Simulations show cleaner, more observable results. Many stu-
dents in the initial induction lab struggled to decide whether the small deflec-

tions of the galvanometer’s needle (as a magnet was moved near the connected
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coil) was to be considered a real effect or simply noise. The few groups that also
had a simulation of this experiment commented that they used the simulation to
confirm which effects were real and which were noise. (Since this lab constitutes
the students’ first instruction on induction, the benefit of allowing students to
confidently focus their attention on inferring the underlying explanation from
their observations of the phenomena outweighs the danger that they might rely

too heavily on the computer as an authority in this case.)

. Visualization of invisible quantities. Students are able to view current vectors,
magnetic field lines or vectors, force vectors, and graphs or bar charts of quanti-
ties such as flux and emf. All of these help students visualize the existence and
relationship among the invisible quantities involved in this complex situation.
To avoid overloading students with visual clutter, especially initially, it is use-
ful to make each of these representations able to be “turned off.” In addition,
Térnqvist et al [40] recommend making the multitude of visual representations
used in one diagram as visually distinct as possible in order to emphasize that
they represent different physical concepts, for example, using different types of
arrows for force and velocity (as suggested by Arons in [21]) and different colors
when available. (ActivPhysics simulations do use differently colored arrows to

represent each concept.)

. Qualitative reasoning about quantitative equations and problem solutions. In
interviews, students were prompted to use the generator and sliding rail simu-
lations to check the qualitative dependence on critical variables of quantitative

expressions they had derived for induced emf. For example, in the generator

339



situation, students often forgot the chain rule term of the time derivative of
cos(f). But, when asked, they realized that induced emf should be a function
of angular frequency, and the ActivPhysics simulation confirmed this. Unfor-
tunately, in this particular case, becoming aware of the discrepancy between
their qualitative understanding and their quantitative solution was not enough
to help them arrive at a correct mathematical solution. The students could not

see where the angular frequency would be generated by the math.

In general, observing simulations (available on the students’ home computers)
can allow them to test their mathematical solutions for agreement with their
qualitative understanding. One student suggested this could also be useful in
lecture: to discuss homework solutions and to emphasize the value of solving
equations in terms of variables instead of immediately substituting in numbers.
The simulations can assist students in developing and testing their intuition

about the relationships among the variables in their final solutions.

. Connect multiple representations. The simulations can also help students link
their mathematical and conceptual reasoning of induction situations. For ex-
ample, one can ask students to explain predictions in terms of both equations
(mathematical representations) and concepts (using verbal, diagrammatic, or
physical representations). In one individual interview, working with the sliding
rail (motional emf) ActivPhysics simulation, the following sequence of questions
seemed to provide a valuable learning experience for the student (as well as a
valuable research experience for the interviewer). This particular student had
completed the introductory course on electricity and magnetism several months
prior to the interview, and had done very well in the course. The interviewer
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first asked the student what would happen to the induced emf if the initial
amount of flux was increased by increasing the strength of the magnetic field.
The student correctly predicted that the induced emf would also increase. He
explained that he was “thinking of the equation ¢ = BLv” where a larger B
corresponds to a larger emf. But when asked to explain the result conceptually,
he was also able to discuss the larger rate of change in flux that results from
the larger magnetic field. Next the interviewer asked the student what would
happen to the induced emf if the initial amount of flux was increased by in-
creasing the width, w of the square loop (that is, the length of the sliding rail
and the parallel length of wire on the opposite side of the rectangular loop).
The student again correctly predicted that the induced emf would increase.
At this point the student attempted to test his prediction, but found that the

simulation unfortunately does not allow that parameter to be changed.

Next, the interviewer asked the student what would happen to the induced emf
if the initial amount of flux was increased by starting the sliding rail farther
away from the parallel stationary side (increasing zy). This student successfully
responded that this alteration would not affect the induced emf. Again the
simulation could not verify his response (although the Physlet version could).
When asked to explain why this change in initial area does not affect induced
emf while the previous change does, he reasoned that “increasing w changes
how much increase in field you get in some amount of time.” He sketched the
dots representing the magnetic field out of the page all along the length, w, of
the sliding rail. He continued, stating that “increasing zo doesn’t [do the same]

since the field is the same everywhere....” This example illustrates how a student

341



who initially is comfortable with relying on a mathematical equation to reason
about the situation can be asked to develop a qualitative understanding of why
and how the variables that appear (and that don’t appear) in the equation
have the relationship that they do. While this very good student handled these
connections very well, it seems that this type of activity would have value for
other students as well. Further research is necessary to determine if it is truly

effective for students in general, including a range of ability levels.

Térnqvist et al [40] also mention the importance of emphasizing the relation-
ship between multiple representations of related concepts. For example, they
suggest one could show both a field line representation and a vector field map
representation for a given distribution of charge and make connections between

these.

. Connect to real applications. One student liked the more pictorial, three-
dimensional aspects of some of the simulations. He felt that these act as
“clear blueprints of how you could make this happen.” This suggests that
students might find it useful (and interesting) to see simulations that show the
relationship between real-world applications of induction (as in power plants,
car alternators, traffic sensors, recycling sorting machines, microphones, metal
detectors, or seismometers) with the abstractions often found in lecture and
homework problems. For example, the simulations could begin by showing the
simplified, abstracted physical representation of changing flux, and then grad-
ually construct the hardware necessary to build the working product. Or the

simulation could do the reverse, allowing students to begin with the product as
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they would encounter it in the world, and then “peel away” layers until they

uncover the specific application of induction utilized within.

Others in physics education have identified other ways in which simulations seem

useful as well, for example, to:

1. Ezpand what students can observe. — In an overview, Fuller [109] notes that

simulations, as well as videos and single-concept films, are useful to show:

e experiments that are too small or too large for lecture demonstrations;
e experiments that are too hard to set up (would take too long);
e experiments whose equipment is dangerous or hard to get;

e experiments that are too slow (show time lapse); added graphics, overlays,
or labels (e.g. for combining comparing multiple representations) to ‘live’
experiments; and finally, to show a one-time-only event (e.g. the Tacoma

Narrows bridge collapse).

Even if an experiment is not too large, small, dangerous, or complicated to set
up, sometimes it simply is quicker to allow students to manipulate an experiment
to flesh out additional aspects of a concept. In the laboratory instruction on
induction described in this dissertation, several of the simulations could have
been used during the initial induction lab to allow students to explore cases
where the area within the magnetic field is changing. None of the equipment
available had adjustable areas, and yet this case can help students to distinguish
between the ideas of change in field and change in flux. A simulation such as the

Faraday Physlet (involving motional emf) could also provide additional cases
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in which there is a larger flux but a smaller rate of change in flux, thereby

clarifying the distinction between these related quantities.

2. Ezpand the Problem Space. — Christian’s Physlets [107] allow one to provide
unphysical situations that students must identify as impossible, and Jeopardy-
type situations where students are given (physical or unphysical) fields and must
manipulate the simulation (e.g., drag the sliding rail) to determine its spatial
distribution. Titus’ media-focused problems [110], often given as homework,
require students to apply some higher level problem-solving skills than are used
in traditional problems. For example, shown a simple video clip or simulation
of a collision in which two carts on a level air track collide, stick together and
retain some final momentum, students are asked to determine the ratio of the
masses of the carts. Not only must students decide which physical principles to
apply, they must also decide what data they need to ‘take’ from the simulation
to solve the problem. The videos or simulations provide information about the

time (as clocks or counters) and distances (as rulers).

3. Connect multiple perspectives. Grayson and McDermott describe a sound fea-
ture of their simulation of an Atwood machine that, when turned on, increased
pitch as the speed of the mass increased. Using multiple perceptions to reinforce
observations seems like an additional way to strengthen one’s understanding
(although, as with other representations, it is likely that students would need

57

practice with properly interpreting this technique).

57In the context of induction, using sound may be particularly appropriate. For example, students
observe, as a class demonstration, that an alternating current (from the wall socket) in one thick
coil of wire can induce a current to light a bulb attached to a second nearby coil. They can similarly
hear that current is induced—when a speaker is attached to the second coil instead of the bulb, a 60

344



In general there are several reasons for caution regarding the use of simulations
in teaching physics. First, consideration should be given to use a representation that
the students will find easy to interpret, but also fairly easy to reproduce. In one
interview, a student expressed concern that the representations used in a computer
simulation should be ones that he would be able to draw for himself on homework
problems. Second, care must be taken to ensure that there are no unphysical or
misleading features in the simulation’s representation. For example, in the context of
electric fields, Wolf et al [111] recommend the use of vector field drawings (where “the
local direction and the local magnitude of a two-dimensional slice of an electric field

. [are] represented by placing individual field vectors at the vertices of a square grid”
[p. 723]) because of problems with traditional field line drawings. In addition to the
fact that only the simplest cases are usually possible to draw by hand, they identify
two types of non-physical effects that can occur in many computer-generated field line
diagrams. First, they describe how “equatorial clumping” can occur. This is when
the field lines emanating from the point charge are not uniformly distributed. Second,
they describe a “false monopole moment” where some of the field lines go to infinity
even though the net charge is zero. Both of these are apparently artifacts of using
two-dimensional field line diagrams to represent three-dimensional fields. They also
describe “boundary clumping.” In this case, field lines from multiple sources ending
on a charge are not uniformly distributed. Gaps may be seen at the boundaries of
lines emanating from separate source charges. Further, one can see different numbers
of field lines ending on charges that have the same magnitude. They say “this is not
an effect of the two-dimensional representation of a three-dimensional thing. It does

Hz hum can be heard. In addition, a microphone, itself, is an application of induction that allows
students to hear the induced current generated by a changing flux.
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not reflect any physical property of the field. It comes from the effect of the value of
the initial angle in the computation of the diagram and from the fact that you are
using a finite number of field lines to map between charges.” [p.721] While these or
other types of problems have not been reported for simulations of magnetic fields,
it may be in part because most of the magnetic field distributions are uniform (at
least for simulations in the context of induction) or allowed to vary only in the plane
of the loop (as in the Faraday Physlet). This severely reduces the flexibility of the
simulations and limits the situation that students can explore—eliminating many of
the more realistic ones.

Finally, and perhaps most importantly, the use of simulations alone is not sufficient
to ensure students’ learning. Students need to be actively engaged in the instruction,
for example by utilizing the predict-observe-explain cycle, or by performing Jeopardy-
style activities in which students are asked to construct the configuration that will
produce a given graph, bar chart, or other output. And even if students are actively
engaged, this does not guarantee simulations will improve students understanding,
although it may affect how the students approach learning in that context. [112]

In the context of electrostatics, Otero [113] studied students’ use of simulations
to develop models of electricity. For the first half of the three-week activity, students
used the simulations to develop conceptual ideas and then used hands-on lab activities
to confirm specific aspects of their initial, general ideas. The simulations were useful
for the initial development of ideas since they could help students visualize details
that the equipment could not. For the second half of the instruction, the roles were
reversed. She found students were now able to reason with the equipment and could

simply use the simulations to confirm the ideas they developed in this way.
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While the use of simulations alone is not sufficient to ensure functional under-
standing, it seems they would complement other types of instruction, especially in
the dynamic context of induction. The advantageous features of simulations described
above suggest that they should be very useful to improve students’ understanding of
this topic. In addition students seemed to like them for these features. However,
much more systematic research needs to be done to determine (1) if these or other
simulations do, in fact, increase students’ functional understanding, and if so, (2)
what general features seem to maximize their effectiveness as applied in the context

of induction.

6.4 Summary

Because of the complex, three-dimensional, and time-dependent nature of mag-
netic induction and the abstract and invisible nature of many of the concepts of which
it is comprised, the representations used to analyze and understand the phenomenon
have a large impact on students’ learning of this concept. This chapter discussed a
number of ways in which students misinterpret the verbal, physical, and mathematical
representations that are commonly used in the context of induction.

Examples of misinterpretations of verbal representations relevant to induction

include:
e “flux” means “change,”
e “flux” means “flow,” and

e ‘“change in rate of flux” versus “rate of change in flux.”
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Examples of misinterpretations of the terms “constant,” “uniform,” and “same” were
discussed in Section 5.3.

Misinterpretations of physical representations relevant to induction are largely
related to an overly literal interpretation of the magnetic field line representation.
(Note that conventional physical representations for the concepts of flux and emf

don’t even exist.) Some observed difficulties were:

e counting the number of dots or x’s or number of field lines explicitly shown
to determine the amount of flux through a loop rather than using the repre-
sentation to infer that the field is uniform over the entire area of the loop; or

relatedly,

e believing that the field strength is zero at any point in between the dots or x’s
representing field lines (for example, stating that the Lorentz force on a loop is
zero if its velocity vector is drawn at a point on the loop that does not coincide

with a field dot) [rare];

e ignoring the direction of the field lines to determine the existence or amount of

change in flux; and finally,

e being influenced by the visual appearance of the magnetic field arrows to imply

flow or torque.

Students’ were also observed to have great difficulty generating and interpreting
graphical representations of flux and emf—including interpreting negative values of
these quantities.

Examples of difficulties with the mathematical representations in the context of
induction include:
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e the misinterpretation of the Aine = A % as the total area of a loop or the area
inside the field. Note that these interpretations are not inherently incorrect, but

they are used inappropriately in specific cases to support incorrect responses;

e the similar misinterpretation that the L in ¢ = BLwv is the length of a loop that

is currently inside the magnetic field;

e the misrepresentation of Faraday’s Law as ¢ = % and its subsequent inter-
pretation that this implies that there is no change in flux since time is not
changing, that there is the same amount of change in flux if the system is mov-
ing (or rotating) at a constant speed (or angular speed), or that the amount of

emf necessarily decreases as time increases since time is in the denominator;

e the misinterpretation of the Lorentz Force equation, F= qv X B to support the
idea that induced current is proportional to magnetic field strength or motion—

regardless of whether any of the relevant variables (v, B, or cos(f)) is zero; and,

e the lack of distinction between the interpretation of dA in the integral definition

of flux and that in the derivative of flux with respect to time.

An analysis of students’ representations in final exam problems related to induc-
tion suggests a couple of useful features. Successful spontaneous student diagrams
seemed to correctly focus on the region of the loop that is experiencing a change
in flux at the instant in question—even if they only make use of a single ‘snapshot’
representation. Successful verbal representations mirrored this focus on the boundary
where the loop was entering the field. It is possible that the generator-type problem

is more difficult because it does not have this feature. Further research is required to
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determine a more generally useful (that is, context independent) representation for
flux and change in flux. Unsuccessful diagrams often interpreted the single ‘snapshot’
view incorrectly—focusing on the amount of flux in the loop at the instant, or the
amount of loop remaining outside of the field at the instant.

Finally, simulations seem to offer a number of advantages for representing the
dynamic, complex phenomenon of induction. Formal and informal student interviews
suggest a number of features that might make simulations useful to improve students’
learning of induction. However, systematic research remains to be done to determine

the effectiveness of the use of simulations in this context.
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CHAPTER 7

CONCLUSION

Following Reif’s model, this dissertation characterizes students’ initial state of
understanding of the concept of magnetic induction, their interaction with related
instructional materials that were developed based on this research, and their final
state of understanding at the end of the introductory calculus-based physics course
on electricity and magnetism. The initial state includes students’ understanding of the
individual concepts that are related to induction, such as field, its representation, flux,
and embedded mathematical concepts such as the dot product and derivative. The
desired final state includes content knowledge such as those described by Faraday’s
and Lenz’s Laws, and the ability to apply and interpret these successfully in multiple
contexts. This includes being able to reason about induction without using math,
being able to apply the math with understanding—including the ability to solve
complex problems.

This dissertation describes students’ understanding of concepts related to mag-
netic induction in great detail. The main concept of emf depends upon the rela-

tionships of a number of abstract quantities such as magnetic field®® and involves

58Chapter 2 also discussed a number of difficulties students have with the concepts of electric
field, field line representation, and flux. These difficulties may also influence students’ functional
understanding of induction in ways that are not as clear. In this summary, we use examples of those
more directly involved in induction.
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several mathematical entities. Each of these is not trivial for students to understand.
Figure 7.1 summarizes the causal sequence of the phenomenon of induction (repro-
duced from Figure 1.1), the underlying concepts embedded within, and a number of
the observed student difficulties related to each. Not included in this list are several
issues related to the process of scientific inquiry. For example, students were often
unable to generate experimental evidence to contradict a physically incorrect theory.
Further, some would ignore such evidence when observed. In addition, students often
did not sufficiently distinguish between descriptions and explanations of an observed
phenomenon.

Students’ difficulties with the underlying concepts and their possible impact on
students’ learning of induction were described in Chapter 2. One example is students
tendency to confuse the features of electric and magnetic fields. One such difficulty is
the belief that the magnetic field distribution due to a current-carrying solenoid has
components radial to the axis of the solenoid. Students who have this idea during
their instruction on magnetic induction may focus on changes in flux through the
curved surface area of the solenoid rather than through the cross-sectional area. These
changes are not those that contribute to the emf in the solenoid or other concentric
conducting loops. Another such difficulty is the idea that constant magnetic fields
exert forces on electric charges. These students may not realize that a changing
magnetic flux is necessary to induce a current.

Some students struggle to correctly interpret the field line representation. For
example, the interpretation of the field lines as the flow of something such as field can
lead students to the conclusion that this constitutes a change in flux for a loop moving

parallel to a uniform magnetic field. Occasionally students feel that the field strength
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is zero at any points not located on a field line, or that the strength of the field is
the same at any point on the same field line (regardless of the field line density in
the surrounding region). These types of difficulties are obstacles to students’ correct
evaluation of the amount of flux and corresponding rate of change in flux in the
context of magnetic induction.

Examples of difficulties with the concept of flux that are directly relevant in the
context of magnetic induction are the following. Some students compare the flux
through the volume—for example, of a solenoid—rather than that through the cross-
sectional area whose normal is parallel to the magnetic field. These students, possibly
influenced by extensive practice with Gauss’ Law and electric flux, do not realize
that the magnetic flux through any closed surface is always zero. Another difficulty is
students’ interpretation of the term “flux” as inherently implying some sort of change.
This hinders students ability to differentiate between magnetic flux and changes in
magnetic flux. Some students also struggle with the correct interpretation of the
area’s normal vector, as well as that of the dot product between the normal and the
magnetic field.

Some students struggle with other mathematical concepts as well. For example,
some struggle to interpret sign conventions related to flux and emf. Many struggle to

understand the concept of a function as a relationship among the variables. Finally,

dcos(0)

many struggle to perform derivatives that involve a chain rule, such as =

This dissertation also describes students’ initial awareness of the phenomenon of
magnetic induction. Several measures indicate that many students are not aware of
the phenomenon at the beginning of the course. For example, on a free-response

question, only approximately 10 % of the students correctly described how a magnet
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and a coil of wire could be used to light a bulb. Over half of the students felt
that something like a battery would be required. About one-quarter of the students
sketched that a magnet connected in place of a battery would cause the bulb to light.

Immediately prior to students’ initial (laboratory) instruction on induction, a set
of five pre-test questions were administered to probe the ideas students apply to the
concept of induction. Results showed that students mainly apply four ideas—that

emf (as represented by the brightness of a bulb) is proportional to
e the amount of current present,
e the magnetic field strength present,
e motion—such as linear or angular speed, and
e change ‘in something.’

A number of students applied the Lorentz force on several of these questions. This is
mainly included in either the motion (v) or field (B) categories, depending on which
variable dominated the students’ response.

Each of these ideas is not inherently wrong to consider in the context of magnetic
induction. Only one is fundamental and sufficient. Yet all of them can be yield correct
or incorrect responses depending on their interpretation. The following summarizes
this for each idea.

The amount of induced current s related to the amount of induced emf through
Ohm’s law (whenever that is valid), although it is the emf that generates the current
rather than the reverse. However, as mentioned above, students sometimes feel that

a traditional source of current—such as a battery or charged capacitor—is the only
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possible source of current. Especially at the beginning of their instruction on induc-
tion, they are not aware that a changing magnetic field can generate a current. Even
after they are taught about the phenomenon of induction, some students appear to be
unduly influenced by the presence of a traditional current source as a surface feature
in the question. A number of students used the amount of current in one circuit (due
to a battery) to determine the brightness of a bulb in a separate, neighboring circuit.

In general, a stronger magnetic field or flux can correspond to a larger change in
flux, but the presence of the higher flux alone is not responsible for the larger induced
emf. For example, a loop expanding within a stronger field would have a larger
induced emf, but it is the expansion of the loop that causes the higher rate of increase
in flux in this case. Similarly, students have learned that the Lorentz force implies
that a larger magnetic field can exert a larger force on a charged particle. However,
in many contexts in induction, students fail to remember that the charged particle
must be moving and, further, that its motion must have a component perpendicular
to the field. They equate the amount of induced emf with the amount of magnetic
field present at some point or region, or more specifically with the amount of magnetic
field that is inside an area of interest at the instant of interest. Inappropriate use of
the “field or flux” idea was very common in each of the different contexts used in this
research and was the most likely to lead to an incorrect response.’®

The third idea students apply is that of motion. Applications of this idea can be

summarized as follows.
e Same motion = same rate of change of flux

59Care was taken in the design of the questions to prevent this type of false positive response—that
is, correct answers generated from this incorrect reasoning.
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e No motion = no change in flux

e Motion causes “new” change in field through loop (e.g., motion perpendicular
to a uniform field crosses “new” field lines; field moves through loops along field

lines; or, motion parallel to the field affects the rate of this flow)

This idea does lead students to a correct answer in a number of situations. As just
mentioned, the Lorentz force shows that the size of the force can depend on the speed
of the charged particle. Further, appropriate relative motion between a magnetic
field source and a closed conducting loop can result in a change in flux. However,
students’ explanations involving the “motion” idea tend to rely on the surface features
of the question. This can cause difficulty when the surface features are misleading
or ambiguous. For example, many students applied a “motion” idea incorrectly for
situations in which a loop was moving parallel to the magnetic field, or when a switch
was suddenly opened or closed in a circuit near the loop. Several students incorrectly
applied a strong motion idea in situations where the loop was moving perpendicular
to the field. For example, some students’ responses implied that as long as a loop
was crossing new field lines (within a uniform field), there would be an induced emf.
Others simply felt that as long as each loop moves with the same linear or angular
speed, it would incur the same amount of induced emf regardless of what field it was
currently in or moving into.

The final idea, that of change in flux, is the one that is always appropriate for
induction. However, there are many ways in which students were observed to misin-
terpret it. These will be described later.

Several sets of instructional activities on magnetic induction were developed based
on the research discussed throughout this dissertation. These activities are described
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in Chapter 3. An initial set of laboratory activities encourages students to use ex-
perimental observations to develop and test a qualitative rule that explains the phe-
nomenon of induction. Students then connect the symbols involved in the mathemat-
ical representation of this rule (Faraday’s Law) with the physical equipment used,
and apply their qualitative rule to understand table-top experiments that model real-
world applications. While these activities stimulate students’ thinking about induc-
tion, student-generated rules tend to emphasize specific surface features—especially
those related to motion—rather than the underlying concept of change in flux.

To address this, a revised version of the activities requires students to design and
perform experiments to evaluate three competing hypotheses of the theory of induc-
tion. Students are challenged to contradict two of the three and then describe how the
third is sufficient to explain all of the experimental observations. In practice, students
struggle to distinguish the concepts involved in the three hypotheses. However, since
these distinctions are critical for deep understanding of induction, these activities
provide opportunities for students to do so explicitly, using physical equipment.

A more advanced set of activities requires students to calculate a quantitative
estimate of the maximum emf induced as a magnet travels down an incline and
through a solenoid. This develops important problem-solving skills such as breaking
a complex problem into parts, deciding which measurements are necessary, and which
approximations or assumptions are appropriate.

These activities also provide students with repeated opportunities to test and re-
fine their understanding of induction in a number of qualitative contexts that were
chosen to illuminate important, yet troublesome, issues related to induction. Other

experiments allow students to explore the effects of varying parameters such as the
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speed and orientation of the magnet, or the length of the solenoid. Jeopardy Graph
activities test and refine students’ understanding of induction while giving them prac-
tice with connecting multiple representations in non-standard directions.

Finally, a set of paper-and-pencil tutorial activities was designed to supplement
students’ lecture and lab experiences. This provides repeated emphasis of such things
as connecting multiple representations and distinguishing between related concepts
such as magnetic field, magnetic flux, and the rate of change in magnetic flux. It
encourages students to use explicit visual representations to compare (1) the amount
of flux present at two neighboring instants (to determine the rate of change in flux at
an instant), and (2) the original and induced magnetic field at both of the neighbor-
ing instants (to determine the direction of the induced current). It also provides a
flowchart that summarizes the concepts related to induction. For example, it encour-
ages a two-step thought process: first to consider whether or not the flux is changing
at the instant of interest (from either a change in field, area, or the angle between
them), and second, to relate the rate at which the flux is changing to the magnitude
of the induced emf. It then continues the causal relationship between induced emf,
induced current, and induced magnetic field.

Chapter 4 characterizes students’ understanding of induction, in detail, at several
times throughout their instruction. It identifies the nature and prevalence of specific
student difficulties observed in the context of magnetic induction. A preliminary
study showed that this topic is difficult for both regular and honors students after
instruction.

The evolution of students’ initial ideas (identified in Chapter 2) as a result of their

initial laboratory instruction on induction (described in Chapter 3) was analyzed
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in three ways: first, to determine shifts in the prevalence of each idea; second, to
determine shifts in the consistency with which students’ used each idea; and third, to
characterize common student mixed states. Here we summarize the main findings.

Overall, there was a substantial increase in the frequency with which students
applied a correct “change” idea, although occasionally it was misinterpreted. Use
of the initially dominant “field or flux” idea decreased. Use of the “motion” idea
remained largely unchanged. While its use was largely restricted to questions for
which it was more likely to produce a correct answer, it lead student to incorrect
answers approximately 18 % of the time.

Approximately one third of the students began using the correct idea consistently
after this initial instruction. The majority of the students, on both the pre- and
post-tests, used a mix of ideas. For a number of students, this mixed state appears
to have served as an intermediate state between using one incorrect idea consistently
and using the correct idea consistently.

Model Analysis showed that the largest component of the dominant initial eigen-
vector was that of the “field or flux” idea. This eigenvector also had substantial
“motion” and “current” components. After the initial laboratory instruction, the
largest component of the dominant eigenvector was that of the correct “change” idea.
While the “motion” and “field or flux” components were still non-negligible, the latter
was substantially reduced compared to that of the initial dominant eigenvector.

Students’ understanding of induction was assessed at three other times during
their instruction. The results show that the use of the correct “change” idea continued
to increase, on average. The most common incorrect idea remained that of “field or

flux.” Perhaps more important is that, even on the final exam, a substantial number
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of students misinterpreted the correct “change” idea to arrive at an incorrect answer.
This implies that successful instruction on induction must meet multiple challenges.
It must not only make students aware of the phenomenon of induction and teach
them that induced emf is proportional to the rate of change in magnetic flux, it must
also teach them how to interpret and apply this idea correctly in a variety of contexts.

While Chapter 4 analyzed students’ performance in the context of each specific
assessment question, Chapter 5 emphasizes the larger cognitive issues that appear
throughout students’ responses. Many of these relate to students’ misinterpretation
of the “change in flux” idea. Many students seemed unable to separate the idea of
“field or flux” from “change in flux.” For example, some students felt that the presence
of more flux necessarily corresponds to a higher change in flux at that instant. Some
students described a special case of this—that when the flux is zero at an instant, then
the change in flux must also be zero at that instant. This also suggests a difficulty
interpreting the idea of instantaneous change. In this case, students are being unduly
influenced by the flux at a single instant in time.

Other students seemed to consider the change in flux over an inappropriately large
finite time interval rather than an instantaneous rate of change. These students’
explanations involved the area of the loop that had already entered the field in some
time interval, the area that remained outside the field that was still available to
experience a change in flux, or the fraction or percentage of area in either of these
cases. Several students focused on the total area of the loop. It is possible that
these students were influenced by an inappropriate mathematical representation of

dB

Faraday’s Law (as A times %) in situations in which the area inside the field was

changing.
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Finally, a number of students used the fact that the magnetic field was “uniform”
or that the motion was “constant” to decide that the rate of change in flux was the
same or zero (at different instants in time or at different locations in space). Again
most, if not all, of these ideas contain pieces of information that could serve students
as resources—either because they are correct in some induction questions, or because
they are useful ideas that can refined and associated with appropriate cues.

Several current cognitive views support this idea that students have and use many
small pieces of knowledge about the physical world that may not be correct or ap-
propriate in every situation, but can be resources for solid understanding of concepts
in physics. Instruction can help students identify the intuitive ideas that they have
and teach them when and how to apply these ideas appropriately. It can teach them
which to refine into more specific physics ideas and which might be misleading in
certain physics contexts. Chapter 5 describes a number of examples that support the
idea that students’ knowledge is fragmented, and describes the use of a number of
intuitive ideas, identified by diSessa as phenomenological primitives (or p-prims), by
students in the context of induction.

Literature suggests that, in general, not all representations are computationally
equivalent, and that the degree to which constraints are built into the external rep-
resentation can affect the effectiveness of the representation. Since the quantities
involved in magnetic induction are mostly invisible and are less familiar to students
than are many concepts in mechanics, the representations of these quantities are very
important. They can create or support difficulties for the concepts they are meant
to illustrate. For example, many students misinterpret the term “flux” itself to cor-

respond to the concept of a change in magnetic field through a loop, as suggested
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by its everyday meaning. Students also have some trouble interpreting physical rep-
resentations of induction concepts. In addition to issues related to the field line
representation, mentioned previously, students sometimes ignore the direction of the
field lines with respect to the normal when determining the change in flux through a
loop, as in the generator situation. They also have difficulty generating and interpret-
ing graphical representations of quantities such as flux and emf. The mathematical
representation is misinterpreted, for example, to support the ideas that induced emf is
proportional to a loop’s velocity (in a situation where it is not) or the total, fraction,
or percent of area that is inside (or remaining to enter) a magnetic field, as described
above.

Analysis of students’ spontaneous diagrams on several of the final exam questions
shows that an emphasis on the region of the loop that is experiencing a change in flux
at the instant in question is a critical element in the effectiveness of the representation.
Students achieved this by comparing the change in flux in two “snapshots” in time
separated by an appropriately small time interval, or by highlighting the length of
the region, in a single “snapshot,” that is experiencing change.

Since induction-related situations are inherently three-dimensional and rely on
changes in the abstract, invisible quantities described above, they can be very diffi-
cult for students to visualize. Simulations appear to be a natural tool to assist with
this. Preliminary formal and informal student interviews suggest a number of features
and uses of dynamic simulations that might be useful in learning about induction.
For example, simultaneous graphs of flux and emf as functions of time (coordinated
with the motion of the simulated apparatus) allow students to visually distinguish

between these related quantities, and to connect each with the observed motion. The
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interactive nature of simulations allows students to explore the effects of varying a
number of experimental parameters very easily. Simulations seem useful in situations
in which their idealized results make it easier for students to determine which effects
are “real” while they struggle to construct a model of the underlying theory behind
induction. Simulations can extend the number and variety of experiments that stu-
dents can perform. All of these uses can enhance rather than replace experimentation
with actual physical equipment. Finally, simulations may have promise as a tool that
students can use to check their reasoning in quantitative problems.

Further research is necessary to determine which features, and which uses, of
simulations are the most effective in teaching the concept of induction. In addition,
there is a strong need to develop more effective explicit representations of magnetic
flux and emf that can assist students in reasoning about induction regardless of the
context of the question.

It would also be interesting to investigate how the representation of the problem
affects students’ ability to solve the problem. That is, if an informationally-equivalent
question was asked using largely verbal, physical, or mathematical representations,
does that affect students’ ability to solve the problem. For example, the physical
representation of flux as magnetic field lines and loops of wire can be somewhat
abstract. Graphical representations of flux may be more abstract, and yet may or may
not be more useful in answering induction-related questions. More realistic pictorial
representations of coils and bulbs may be easier to envision, but are students able to
visualize flux in these cases as well? All of these can be contrasted to students’ ability
to interpret and manipulate verbal and mathematical representations of induction-

related questions.
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This dissertation focused on students’ use of ideas (as a class) throughout instruc-
tion and common difficulties caused by misinterpretations of these ideas. A future
study might use techniques such as Model Analysis more systematically over the en-
tire instruction sequence to investigate the evolution of students’ ideas—both as a
class and as individuals. This might also help determine to what degree the mixed
state serves as an intermediate state for students in this context. A larger number
of questions on each assessment instrument, designed specifically to maximize the
effectiveness of the Model Analysis technique, would provide a more reliable probe
of students’ ideas. These assessments should include all three types of changes in
flux——changing field strength, changing area, and changing angle—with a variety of
surface features. It would also be interesting to include more questions that require
students to compare the relevance of different variables such as field, speed, and area.
Only one question on the initial induction lab’s pre-test effectively required students
to prioritize the effects of field and speed. (The results showed that, at that point in
instruction, the “field” idea was dominant.)

In addition, we might use individual interviews for a subset of students in high,
middle, and low ability groups (as determined by performance on the second midterm
or on an induction pre-test just prior to instruction) to study the learning of these
individuals in detail, as well as to compare the effectiveness of the various instructional
activities on each of these ability groups. In fact, it would be of interest to further
investigate the degree to which students’ abilities to solve qualitative and quantitative
induction-related problems are correlated, as well as the degree to which these are

correlated with students’ overall understanding of electricity and magnetism.
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Grouped by their initial states, one could determine the dispersion of each group
over the course of instruction. Of particular interest for individual interviews are stu-
dents who overcame one or more of the common observed difficulties. One could also
look at students grouped by their final states and try to better determine the causes
of their observed difficulties. Are they directly linked to incomplete or incorrect un-
derstanding of underlying concepts? Are they inappropriate or incorrect applications
of correct physical ideas?

From a practical instructional perspective, it would be useful to compile a larger kit
of useful problems (evaluated experimentally and indexed according to the theoretical
aspects of induction that they assess) as both assessment and instructional tools.
This would include non-traditional types of problems such as Jeopardy problems or
Ranking Tasks, and questions about underlying concepts related to induction as well
as induction questions themselves.

Finally, more formal experiments need to be done to assess the effectiveness of
the instructional materials described in this dissertation in improving students un-
derstanding of aspects of the phenomenon of induction and of the process of scientific

inquiry.
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APPENDIX A

INITIAL INDUCTION LAB - GUIDED INQUIRY
VERSION

Modified from Alan Van Heuvelen and Leith D. Allen, Constructing and Applying
the Concepts of Physics: Laboratory Manual, Physics 132, Hayden McNeil Publishing,

Inc. Plymouth, Michigan, 1999.
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APPENDIX B

INITIAL INDUCTION LAB - COMPETING
HYPOTHESES VERSION
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APPENDIX C

ADVANCED ESTIMATION/PREDICTION LAB

From Alan Van Heuvelen and Leith D. Allen, Constructing and Applying the
Concepts of Physics: Laboratory Manual, Physics 132, Hayden McNeil Publishing,

Inc. Plymouth, Michigan, 1999.
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APPENDIX D

“TUTORIAL” ON MAGNETIC INDUCTION
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