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Abstract: This work set out to investigate two questions: 1) what is the state of 
qualitative understanding of magnetism at various stages of expertise? 2) What 
approaches to problem-solving are used across the spectrum of expertise?  I studied three 
groups: ten novices (university students who had completed one introductory course in 
electricity and magnetism), ten experts-in-training (upper division and graduate students) 
and 11 experts (physics professors and researchers).  Data collection involved structured 
interviews during which participants solved a series of non-standard problems in 
magnetism while thinking out loud.  The problems were designed to test for conceptual 
understanding. The interviews were audio taped, transcribed, and analyzed using a 
grounded theory approach.  None of the novices and only a few of the experts in training 
showed a strong understanding of inductance, magnetic energy, and magnetic pressure; 
and for the most part they tended not to approach problems visually.  Novices frequently 
described gist memories of demonstrations, text book problems, and rules (heuristics). 
However, these fragmentary mental models were not complete enough to allow them to 
reason productively. Experts-in-training were able to solve problems that the novices 
were not able to solve, many times simply because they had greater recall of the material, 
and therefore more confidence in their facts.  Much of their thinking was concrete, based 
on mentally manipulating objects.  Three, however, exhibited traits of experts, albeit not 
consistently.  The experts solved most of the problems in ways that were both effective 
and efficient. Part of the efficiency derived from their ability to visualize and thus reason 
in terms of field lines. 
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1. Background: Statement of problem, research questions, and goals of 
the study 

1.1 STATEMENT OF PROBLEM 

For many students, Electricity and Magnetism (henceforth E&M) is first 

encountered as a one-semester course, at some time in their first two years of college.  

The course is typically taught by physics faculty in a large lecture-plus-recitation format.  

This format has become the norm in order to accommodate the large demand from 

students in the natural sciences and engineering departments, for whom a semester of 

E&M is part of a required sequence.   

For most of these students, an introductory-level class is the first and last time 

they are required to think about E&M. Physics majors (including those pursuing a 

teaching option), however, are required to take a second class, usually in their junior or 

senior year.  Those who continue on to graduate school in physics (and in some 

engineering disciplines) will take at least one more semester of E&M. 

That so many students are expected to study E&M attests to the importance of the 

subject across many fields.  The practices of chemistry, biology, and medicine have 

becoming increasingly technological.  Engineers, regardless of the subdiscipline, are 

expected to have a basic level of competency with electronics and instrumentation. 

There is a problem, however: numerous studies have shown that gains in student 

understanding of the subject after introductory college-level courses are typically quite 

poor (McDermott 1993).  Maloney et al (2001) report that instruction on average raises 

scores on the Conceptual Survey of Electricity and Magnetism (CSEM), a multiple-

choice test that experienced physics teachers agree is reasonable and appropriate, from 
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pre-instruction values of about 25% (that is, barely above random choice) to a 

“disappointing” 50% (Maloney et al 2001, p S15).   

Like many researchers who study this problem (Chabay & Sherwood 2006, Galili 

& Kaplan 1997, Manogue et al 2006, Bagno & Eylon 1997, Dori et al 2007, Ferguson-

Hessler & de Jong 1987), I believe that students have trouble learning E&M in large part 

because of the way the subject is taught, specifically the way it is taught at the conceptual 

level.  For the past 50 years, (that is, since Physics, by Halliday and Resnik, was first 

published in 1960’s) instruction has involved guiding students through a now-canonized 

sequence of concepts and problems (Amato 1996). Students are introduced to concepts, 

told which equations apply, and then asked to use the equations to solve simple problems 

that are predominantly quantitative.  Conceptual understanding is supposed to come from 

the combination of lectures, classroom demonstrations, and working problems.  However, 

since grades are typically based on the ability to solve problems, solving problems 

becomes what teachers and students focus on most.  And so, not surprisingly, most 

students come to view physics as a set of disconnected laws and formulas (to be used on 

tests) without a sense for how concepts relate to form a cohesive whole (Hammer 1994, 

May & Etkina 2002).  

Poor conceptual understanding of introductory physics is even more prevalent for 

topics of electricity and magnetism.  As Maloney et al (2001) note, whereas most 

students have an intuitive sense for mechanics, “in the domain of electricity and 

magnetism most students lack familiarity with both the phenomena and most of the 

concepts, language, principles, and relations” (Maloney et al 2001, p S15).  This is borne 

out by the research. Greca & Moreira (1997) studied students' internal representation of 

electric and magnetic fields and concluded that students have very impoverished mental 

models, which makes it difficult for them to reason qualitatively. Consequently, many 
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students fall back on memorizing equations and not much else; they understand the math, 

but not the physics. McMillan & Swadener (1991) compared the performance in solving 

problems in electrostatics of students making grades of A, B, and D and found that “the A 

or B students and the D students differ only in their facility with equations, not in their 

ability to qualitatively conceptualize physics problems” (McMillan & Swadener 1991, p 

668).   

In response to these findings, physics teachers and education researchers have 

proposed and begun to explore alternative or supplemental approaches for improving the 

qualitative aspect of E&M instruction. For the most part, the proposals aim to provide a 

more unified presentation of the subject.  Galili & Kaplan (1997) proposed teaching 

introductory E&M using an approach emphasizing the complementarity of electric and 

magnetic fields.  Bagno & Eylon (1997) proposed supplementing instruction by having 

students construct a high-level concept map of the subject centered on Maxwell’s 

equations.  To make the field concept appear more important, comprehensible, and useful 

to the students, Chabay & Sherwood (2006) proposed a redesigned topic sequence for 

teaching introductory E&M that emphasizes a small number of fundamental principles in 

a unified approach based on the integration of the atomic nature of matter and 

macro/micro connections.  Manogue et al (2006) completely reorganized the upper-

division theory courses at Oregon State University to a new curriculum that moves away 

from routine problem-solving toward the use of multiple representations and synthesis, 

and includes group activities that require students to employ geometric reasoning. 

This dissertation investigates a proposition that is either explicitly stated or 

implied in these proposals: that the concept of the field, which is central to understanding 

electricity and magnetism, should be more prominent in how E&M is taught.  This 

dissertation examines the extent to which thinking in terms of magnetic fields (the more 



difficult of the two fields) is used by novices, experts-in-training, and experts in solving 

physics problems. To this end, I interviewed a total of 31 respondents, roughly equally 

divided among the three groups.  The interviews consisted of having the respondents 

think out loud while attempting to solve a set of problems that probed qualitative 

understanding of introductory, college-level magnetism.  The problems were designed to 

be most easily solved by reasoning qualitatively and sometimes visually about magnetic 

fields.  The transcribed interviews were analyzed to identify the extent and way in which 

the respondents used the concept of field lines to answer the questions.  The results offer 

some insights into how instruction might be modified to including elements of expert-like 

thinking about magnetic fields to improve qualitative understanding. 

1.2 BACKGROUND: WHAT WE KNOW (AND DON’T KNOW) ABOUT HOW STUDENTS 
DEVELOP A QUALITATIVE UNDERSTANDING OF ELECTRICITY AND MAGNETISM 

After centuries of fits and starts, the body of knowledge called classical 

electrodynamics, (or classical electricity and magnetism) emerged in its near final form 

when Maxell published his treatise in 1877 (Maxwell 1877). Classical E&M includes 

basic electrostatics, magnetostatics, and magnetodynamics.  In advanced undergraduate 

and graduate textbooks—that is, in textbooks written for those who are or who are on 

their way to becoming experts—these ideas are expressed in the differential form shown 

in figure 1.1, along with some constituent equations I have not shown.  This 

representation and the set of ideas it encodes is regarded by physicists as a complete and 

accurate description of electro-magnetism at the macroscopic scale. 
 

 

Figure 1.1 Maxwell’s equations in their differential form.  
(From Feynmann 1964, p 20-1). 
 4
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For non-experts in E&M reading this dissertation, there are several features of this 

representation that make it difficult for beginners.  Firstly, the equations are written in 

differential form (as opposed to integral form), which requires thinking, or visualizing in 

three dimensions.  Secondly the equations use the del operator (∇), which is shorthand 

for much more math than meets the eye: ∇•E requires evaluating three partial 

differentials; ∇×E involves six. And finally, two of the equations directly relate the 

electric field E to the magnetic field B, and as such require simultaneously visualizing 

two vector fields.   

Students taking an introductory course in E&M are not expected to understand 

Maxwell’s equations in the form presented above.  This would be completely 

unreasonable for many reasons, not the least of which are that students taking a first 

course  

• have yet to learn the required vector calculus   

• have had little experience thinking about math and physics in three 

dimensions 

• would be hard pressed to visualize one unfamiliar vector field, let alone 

simultaneously two.   

Instead, introductory instruction proceeds quite sensibly along another line, 

whereby the equations are decoupled so that the main concepts can be expressed in 

simpler mathematical terms. These terms, shown in figure 1.2, present the governing 

relationships either as algebraic equations or as path integrals.  Path integrals can be 2-

dimensional which makes them easier to visualize, and the inherently 3D nature of 

magnetism is made more comprehensible by using devices like the right hand rule for 

visualizing how vector quantities are related. 



 

Figure 1.2 Key relationships of E&M (from Bagno & Eylon 1997, p 727) 
Each of the key relationships typically comprises the main idea for a chapter in 
introductory textbooks.  The first two relationships fall under the general heading of 
electrostatics, while equations 3-7 are at the core of magnetism.  

This approach to teaching, which involves mathematically and conceptually 

simplifying E&M, is the most widely used approach because it casts the subject into a 

form that is mathematically tractable to beginning students.  This is important because a 

large part of getting students to think like physicists is getting them used to solving 

quantitative problems.  By the end of a semester, most students are able to manipulate 

equations well enough to pass a final exam.  However, the results of this work and others 

(Maloney et al 2001, Greca & Moreira 1997, McMillan & Swadener 1991) show that 

conceptual understanding of E&M is quite poor for most students after their first course.   

 6
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If conceptual understanding of the magnetic field and other key concepts does not 

emerge after the first course, when and how does it?  For those who will never take 

another E&M class, including some students who will become science teachers, the 

answer is probably never.  So, if only for this group, it would be useful to find ways to 

improve introductory instruction.  

Students aspiring to become physicists, that is, the expert-in-training group in this 

study, will take one or more additional classes in E&M.  At University of Texas, for 

example, physics majors take an upper division undergraduate E&M class (352K), and 

graduate students take at least one semester of graduate-level E&M, ideally two.  Most 

physics instructors will agree, however, that the principal focus of these classes is to 

develop the mathematical skills needed to understand and use the differential form of 

Maxwell’s equations, rather than to develop conceptual understanding specifically.  As 

Professor Daniel Heinzen (University of Texas, Physics Department) told me: most of the 

conceptual information that students will be given about E&M will be provided to them 

in the introductory semester. (personal communication, Fall 2006) 

The textbooks that are used support this assertion. The textbook for 352K at the 

University of Texas is Introduction to Electrodynamics by David Griffiths (Griffiths 

1989).  The first 60 pages of the book review (or teach, as the case may be) the vector 

calculus needed to understand Maxwell’s equations.  The remainder of the book, revisits 

the concepts and problems that were first encountered in the introductory course, but 

using the differential form of Maxwell’s equations.  The same is true about the graduate 

E&M sequence, which uses Classical Electrodynamics, by J.D. Jackson, a textbook 

notorious for its mathematically dense exposition, and its laborious problem sets (Jackson 

1999).    
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If the principal objectives of intermediate and advanced textbooks are not to 

improve conceptual understanding but rather to develop the ability to do the difficult 

math, then one has to ask whether developing math skills necessarily develops conceptual 

understanding of the underlying physics. Those who write the textbooks, especially the 

advanced textbooks, clearly believe this to be the case.  But this belief could also be 

attributed to the so-called, “expert blind spot,” that is, the tendency of experts to confuse 

their understanding, which is mathematically sophisticated, with the process by which 

they came to acquire their understanding (Nathan & Petrosino 2003).  In fact, the idea 

that one can understand the math and not the physics emerged in some of my interviews 

(even with some of the experts), and has been reported in the literature (Kim & Pak  

2002). 

1.3 RESEARCH QUESTIONS  

Much remains to be understood about how qualitative understanding develops.  

This dissertation seeks to collect information about the state of qualitative understanding 

and approaches to problem-solving across the range of expertise of students learning 

magnetism.  Specifically, this work attempts to answers the following questions: 

1. What is the state of qualitative understanding of magnetism at various 

stages of expertise?  I have divided the spectrum of expertise into three groups: novices, 

defined here as students who have completed only one introductory college-level course 

in E&M; experts-in-training, defined as advanced undergraduate students, and graduate 

students and; experts, defined as professors and researchers with over 10 years of 

professional experience working on problems in E&M.  According to the literature one 

should find that the conceptual understanding of novices is poor, even of basic concepts 

that are covered in every E&M course.  In contrast, the experts are expected to have a 

nearly complete understanding of the subject, and the ability to offer multiple approaches 
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and representations to the problems.  The middle group, the experts in training, has not 

been studied and as such constitutes the biggest unknown. 

2. What approaches to problem-solving are used in E&M across the 

spectrum of expertise?  This research question is related to the first one, but differs in 

that rather than asking what the groups know, it is asking how are members of each group 

approaching problem-solving.  Early studies showed that novices tend to spend relatively 

little time classifying problems and instead search for an equation that will solve the 

problem (Larkin et al 1980, Chi et al 1991, Van Heuvelen 1991). These studies also 

showed that novices tend to focus on often irrelevant surface features of the problems, 

and attempt to mentally simulate the solutions. Experts, on the other hand were shown to 

spend relatively more time classifying problems.  What does it meant to “think like 

experienced physicists?” I expect to find that experts have seamlessly integrated the 

mathematical and qualitative descriptions.  I also expect to find that in some situations, 

the experts rely heavily on visualizing problems. This runs counter to the findings of 

earlier expert/novice studies, which emphasized how expert-like thinking was abstract, 

focusing on principles and concepts, in contrast with novice-like thinking, which was 

characterized as concrete and visual.  More recent studies however have shown that 

expert physicists reason about difficult problems in ways that rely on basic physical 

intuition and concrete thinking as well (Clement 1994).   

Finally, I have often wondered whether an expert approach to thinking about field 

lines, based on knowing qualitatively how field lines behave, might be a useful resource 

for novice and intermediate learners.  Students are taught that charges generate fields, 

which in turn act on other charges. Thus, in textbook problems fields are usually treated 

as a means to an end.  In the expert view, however, fields and charges are conceptually 

inseparable, and quite often it is more productive to analyze problems by thinking about 
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what shape fields take and asking what those shapes mean. Thinking this way requires 

developing a strong qualitative (visual) sense for how fields behave and learning some 

additional rules for interpreting the field patterns.  Although this study was not geared to 

answer directly the question of whether this can or should be taught to beginning 

students, in analyzing the data I sought to understand better how this expert way of 

thinking about fields develops, and whether and how this might be applied to instruction 

at lower levels.   

1.4 BENEFITS OF THIS RESEARCH 

This study of how qualitative understanding develops can be used to improve 

instruction in several ways.   

Insights into the kind of mental models students have: A recurring theme in 

much of the physics education research (PER) literature is that qualitative thinking is an 

important resource in helping students deal with the abstract and mathematical nature of 

electricity and magnetism.  A better understanding of the kind of mental models that 

students typically are using should help instructors teach more effectively. A review of 

the literature shows that topics covered in the second half of a typical E&M course have 

received less attention than topics that are covered in the first half of the course.  My 

review of the education literature (Chapter 2) shows relatively little work on students’ 

understanding of dipoles, Lenz’s law, Ampere’s law, Faraday’s law, and the concepts of 

magnetic energy and pressure, as compared to work on student understanding of topics in 

electrostatics. 

Information on how upper-level undergraduate students learn: Up to now, 

the literature has focused primarily on identifying misconceptions and difficulties at the 

introductory level.  This focus is understandable for several reasons: 

1. Introductory level students comprise the greatest population of learners. 
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2. One can argue that at this level the misconception/difficulty frame is a 

reasonable place to start because it helps instructors identify what is not 

being learned.  

What has not been widely addressed in the literature is what and how upper level 

undergraduate students are learning.  The questions are important because many of these 

students will become physics teachers.  

New approaches to instruction: Answers to questions 1 and 2 can be used to 

recommend new or modified approaches to teaching E&M that a) might make it easier 

for students to improve their qualitative understanding without giving up something else 

that is equally if not more important (that is, their ability to solve quantitative problems), 

and b) do not create more confusion than they resolve.  Heuristics and non-calculational 

ways of addressing problems (visual representations, for example) exist. Qualitative 

descriptions are not disconnected from mathematical descriptions of phenomena; they are 

in fact visualizations of solutions.   

1.5 FRAMES WHICH GUIDED THIS RESEARCH 

This research is grounded in several conceptual frames. A conceptual frame is a 

set of (implicit) assumptions, typically based on prior research by others.  Most of the 

work I did is rooted in the physics education research frame, in the tradition of qualitative 

research, and in work on mental models and conceptual change.  This section is not 

intended as a complete review of the literature in these areas, but rather to make explicit 

some of the general ideas that guided this research.  I revisit much of this in the 

discussion section of this thesis in the context of specific findings. 
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Education Research 

Research on teaching and learning E&M:  The body of work most closely 

related to this thesis is research on teaching and learning E&M.  This body of work, 

summarized in the next chapter of the dissertation, brings together domain-specific 

knowledge of E&M and general principles about teaching and learning.  Much of the 

research I cite is in a tradition that began in the 1970’s and 1980’s and focused on 

identifying misconceptions (or preconceptions—the term used at the time) and in some 

cases proposing strategies for addressing these misconceptions and replacing them with 

the correct ideas and concepts. Although the misconception framework has now been 

superseded, it nevertheless produced a useful catalog of ideas commonly held by students 

and insights into where instruction typically fails.   

My thesis is also grounded in more recent research aimed at developing and 

testing alternative ways of teaching specific physics topics.  The most notable in this 

class of work is the research by McDermott & Schaffer (1992) on teaching direct current 

circuits through guided inquiry and structured classroom interactions. Because most of 

this work has so far focused on teaching very basic concepts, their detailed findings were 

not particularly relevant to this dissertation.  A key idea in their work, however, did apply 

to my research, i.e., that what students see and understand during instruction is frequently 

not what teachers think the students are seeing and understanding (McDermott 1993). 

Finally this work was influenced by papers that do not constitute physics 

education research in the strictest sense, but nevertheless address alternative ways in 

which E&M might be taught. These works have in common the objective of improving 

the qualitative component of E&M instruction.  Some of these works (mostly published 

in AJP) can be described as physics educators speculating about what might be done to 

improve instruction on specific topics of E&M, or what might be done to reform how 
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E&M is taught.  Occasionally these works will report the results of small qualitative or 

mixed method studies.  On the whole, the utility of these papers is that they provide a 

sense for what ideas and methods are considered potentially productive by educators who 

want to improve qualitative understanding of E&M. 

Qualitative Research 

A second broad frame that guided this work is the tradition of qualitative research.  

Qualitative research is appropriate for addressing questions that are largely open ended, 

where observation and data collection is still required before one can enter into a phase of 

formulating and testing hypotheses.  

My approach to collecting data is based on how qualitative methods have been 

used in education research.  My use of structured interviews derives from the methods 

and theoretical grounding developed by Piaget and Vygotsky.  Piaget conducted literally 

thousands of clinical interviews probing children’s thinking about science.  His style of 

interviewing, which he developed out of necessity in the 1920’s, provided him with 

enough insight to arrive at his “stage” theory of children’s cognitive development (Piaget 

1929). Vygotsky, while less widely known than Piaget, extended the theoretical 

justification for the use of the clinical interview with his theory of the Zone of Proximal 

Development (Vygotsky 1978). In this theory, Vygotsky makes the distinction between 

two states of mental development: the actual developmental level, and the zone of 

proximal development (ZPD), the next stage of development, that is still embryonic.  For 

Vygotsky, having access to the zone of proximal development was more important than 

being able to observe what the students had already mastered, since the ZPD is where 

learning is actively occurring.  To this end, Vygotsky argued, it was acceptable for 

researchers to help students with difficult tasks, since it was only in this way that one 

could observe students thinking at the limits of their abilities.  By a similar logic I chose 
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to allow a considerable amount of flexibility in my interviews, including the freedom to 

include hints and counter suggestions.    

Implicit in the Piaget and Vygotsky frame is the constructivist perspective that 

there is no a-priori framework for making sense of information, and as such, order has to 

be imposed by the individual. Vygotsky extended this perspective to the idea that 

meaning is not made by the individual in isolation, but rather, it is strongly shaped by 

society and culture (socio-constructivism). 

My approach to analyzing data is based on the more general tradition of 

qualitative research in the social sciences.  For the most part, data reduction followed the 

tenets of grounded theory, as set forth in Basics of Qualitative Research, by Strauss and 

Corbin (1990).  My research questions were open-ended. Data analysis involved multiple 

passes at coding the data from a mostly grounded perspective, that is letting the codes, 

categories, and theories emerge from the data, rather than attempting to test the data 

against externally provided schemes or conjectures.  Using open coding, the categories of 

responses emerge through repeated analysis. 

How I applied the methods of qualitative research in this work is presented in 

detail in Chapter 3, Research Methods, and critiqued in Chapter 6, Conclusions. 

Models of knowledge structures  

Studies of Experts and Novices:  In many ways this dissertation falls naturally 

into the expert/novice (E/N) research frame: E/N studies are frequently used in education 

research, and my study looks at knowledge and performance across the full range of 

problem-solving expertise in physics. Even though this dissertation is heavily guided by 

the E/N frame, it is not an expert/novice study incorporating the latest thinking and 

methodology in this area.  So although my study is strongly grounded in the expert 

novice frame, it is, above all, a study on thinking about magnetic fields.   
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The study of experts dates back to over 100 years ago when Binet (1894) first 

studied the differences between expert and novice chess players.  Originally it was 

thought that chess masters (some of whom can play many simultaneous games 

blindfolded) relied on an almost photographic visualization of the board.  Binet showed 

that this was not the case.  This led to the idea that chess masters developed a specialized 

memory for chess positions, which, in turn was shown to be an overgeneralization by 

Chase & Simon (1973) who found that these experts are not significantly better at 

reconstructing random arrangements of chess pieces, but are significantly better at 

reconstructing chess positions derived from actual games.  This led to the conclusion that 

chess masters reconstruct positions on the board by tapping into extensive collection of 

chess information, acquired over many years of play, and stored as “chunks” in long term 

memory.  

Current thinking on the differences between experts and novices in general is 

summarized in Bransford et al (2000): 

1. Experts notice features and meaningful patterns of information that are not 

noticed by novices. 

2. Experts have acquired a great deal of content knowledge that is organized 

in ways that reflect a deep understating of their subject matter. 

3. Experts’ knowledge cannot be reduced to sets of isolated facts and 

propositions but instead reflects context of applicability: that is, the 

knowledge is “conditionalized” on a set of circumstances. 

4. Experts are able to flexibly retrieve important aspects of their knowledge 

with little attentional effort. 

In addition to identifying differences between experts and novices, researchers 

have also sought to identify the process by which expertise is acquired.  Simon coined the 
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“10 year rule” according to which it takes about 10 years of effortful study to become an 

expert.  Ericsson (2000) defines effortful study as requiring continually tackling 

challenges that lie just beyond one's competence.  A common trait of experts-in-training 

is that they are always challenging themselves.   

There have been several E/N studies in the domain of physics.  These are 

summarized in section 2.5.   

Cognition, memory, and mental models.  Because my study is about mental 

representations, I adopted at the outset the following definition of a mental representation 

(put forward by Chi et al 1981, p121): "a cognitive structure corresponding to a problem, 

constructed by a solver on the basis of his domain-related knowledge and its 

organization."  Like many others before me, I adopted the idea that cognitive structures 

involved in mental representations are comprised of three types of elements: 

• Visual representations such as mental images and mental movies 

• Verbal representations which include facts, rules, propositions, 

equations, and declarative (also known as semantic) knowledge 

• A third catch-all category that can include memory of sensations, 

intuitions, procedural knowledge, cognitive strategies, and other cognitive 

processes to which we do not have access.  

This three-part organization is consistent with many theories.  These include 

theories of working memory, which hold that working memory consists of (functionally, 

not physiologically) visuospatial and phonological short term memories, and a third less 

well defined component: a “central executive” that controls these (Baddeley & Logie 

1999). The three-part organization is also consistent with White’s (1988) description of 

how knowledge is organized in long term memory (White calls verbal representations 

“strings,” and visual representations “images”). And it is consistent with the often cited 
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Johnson-Laird model of representation (Johnson-Laird 1983).  In the Johnson-Laird 

model, the third category is termed “mental models,” which are analogs of the situation 

that is being represented.  It is also consistent with dual coding theories (most notably 

those of Paivio 2006, and Kintsch 1998) whereby comprehension requires constructing a 

referential connection between verbal and a non-verbal (predominantly visual, but not 

limited to) systems.  The key point is that all of these theories are based on those three 

(visual, phonological, and “other”) functionally and structurally distinct elements.  In the 

field of science education, these ideas appear in studies such as Greca & Moreira (1997) 

that seek to characterize the kind of mental models students use. 
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2. PRIOR RESEARCH ON STUDENT LEARNING OF ELECTRICITY AND 

MAGNETISM 

2.1 INTRODUCTION 

In this section I review the journal literature on student understanding of 

electromagnetism.  My summary is organized by topics that appear in the research 

literature.  I do not include in this review student thinking about circuits (a.k.a. batteries 

and bulbs) since this area has been thoroughly researched—more studies are cited on 

direct current (d.c.) circuits in the PER-1 Physics Resource Letter (McDermott & Redish 

1999) than studies of all other areas of electricity and magnetism—and most of the 

problems students have with d.c. circuits, such as misconceptions about current, are 

largely unrelated to the problems students have with the rest of electricity and magnetism 

(E&M). 

Three assessment tools are prominent in the literature.  One is the Conceptual 

Survey of Electricity and Magnetism (CSEM) (Maloney et al 2001). The CSEM was 

developed as a broad survey of introductory concepts in E&M.  It has been extensively 

tested, and research conducted using the CSEM has confirmed many of the findings 

reported in other studies.  The Brief Electricity and Magnetism Assessment (BEMA) is a 

more recent test, similar to the CSEM (Ding et al 2006). The Electromagnetics Concept 

Inventory (EMCI) is intended for Junior-level courses in EE departments and is mostly 

focused on EM radiation and antennas (Notaros 2002). 

2.2 MODELS OF MAGNETISM 

The question of how magnets interact with magnets and other materials can range 

from conceptually trivial to extremely complicated.  Not surprisingly, most of the 

research has focused on elementary understanding of magnets.  Borjes & Gilbert (1998) 
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studied secondary student, technical school students, physics teachers, engineers and 

others whose daily jobs were related to electricity and electromagnetism.  The authors 

conducted interviews using the prediction-observation-explanation methodology.  Their 

results led them to propose five mental models of varying complexity that people 

construct and use to think about magnetism.   

The simplest model “magnetism is pulling,” asserts that magnets attract some 

materials because it is part of their nature.  A second, similar model is “magnetism as a 

cloud” that attributes to magnets a limited sphere of influence.  This view, most 

commonly held by students and technicians, sees magnetism as a force field, in some 

ways analogous to gravitation.  In both models there is no explanation about what gives 

rise to the magnetic behavior.  The third model, “magnetism as electricity,” includes a 

mechanism, albeit an incorrect one, to explain the magnetism.  “Magnetic poles are 

regions, normally at the end of a magnet, which have an ‘excess’ or ‘lack’ of electricity” 

(Borjes & Gilbert 1998, p 367). The authors (as well as others) attribute the confusion in 

part to the fact that magnetic poles and electric charges are both labeled as + or -.  The 

fourth model, “magnetism as electric polarization,” is a more elaborate explanation, still 

based on electrostatics.  This model is found among third year students, teachers(!) and 

engineers. In this model, atoms within the magnet are polarized, creating in effect the 

electrostatic equivalent of a permanent magnet. The last model, “the field model,” 

recognizes that magnetism exists at the microscopic level, that magnets attract and repel 

and the dipolar nature of magnets   

Similar results were obtained in a recent qualitative study by Guisasola et al 

(2004). The authors sought to determine how students at the high-school/college 

introductory level conceptualize simple magnetostatic phenomena; what students mean 

whey they speak about magnetic fields; and whether the students' conceptions of 



magnetostatics could be grouped into categories of description.  The principal findings 

were 1) that most students fail to identify the source of magnetic fields; and 2) that 

students confuse magnetic force and magnetic field. Over three quarters of the high 

school and college students interviewed believed that magnetic fields can act on charges 

at rest. 

The authors categorized conceptions of magnetism into four main categories, 

summarized in figure 2.1. 

 

Figure 2.1 Models of magnetism identified by Guisasola et al (2004, p 456). 

The most common category is the “electrical” interpretation, that magnetic fields 

can be created by stationary electric charges.  This idea, which also includes confusing 

electrostatic field lines with magnetic field lines, is similar to the “charged poles” or 
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“magnetism as electricity” findings reported by others (Borjes & Gilbert 1998, Maloney 

1985, Aarons 1990), namely that magnetic poles contain electric charge.  

The confusion between electrostatics and magnetism was explored in detail by 

Maloney (1985).  The author set out to probe the thinking that leads students to claim that 

magnetic poles exert forces directly on electric charges.  The study involved two classes 

of non-physics majors enrolled in a year-long, non-calculus physics course.  The students 

were given two pencil-and-paper questions involving charged particles in proximity to 

pole pieces of a magnet.  In the first question the students were asked about the trajectory 

of a charged particle.  The second task involved ranking the strength of interactions 

between a stationary particle and a magnet.  Part of what makes this paper interesting is 

its methodology, which used a rule assessment technique for the first part of the test, 

(whereby the authors asked each student ten different versions of the same question).  

This, combined with the ranking task, was intended to diagnose the students’ cognitive 

strategies more accurately.  The author found that students used a variety of strategies to 

obtain the wrong answers.  In about 10%  of cases + charges were attracted to N poles,  in 

about 30% of cases – charges were attracted to N poles, in about 20% of cases charges 

were attracted to the pole having the highest strength.  In only about 10% of cases did 

students realize that charges would be deflected orthogonally.  The results of the ranking 

task uncovered a similar spectrum of wrong answers with most (over 90%) of students 

believing that stationary particles can be attracted to magnets.  

 

2.3 IDEAS ABOUT FIELDS, AND FIELD LINES 

Törnkvist et al (1993) studied the various ways students understand and use 

electric fields and field lines.  In the first part of the study the authors tested 545 Swedish 

college sophomores that had just completed a compulsory course for non-majors in 



E&M.  The students were asked to identify anomalies in the diagram I have reproduced 

in figure 2.2, which shows a variety of electric field lines, some reasonable, others 

nonphysical.  This was followed by a series of exploratory interviews administered to 87 

randomly selected students.  The interviews were based on a series of nine questions 

involving interactions between a static electric field and a small point charge.  The 

situations elicited numerous interesting responses.  The most clear-cut, erroneous 

response was that the trajectory of charged particles initially at rest would follow a field 

line.   

 

Figure 2.2 Problem involving non-typical geometry used by Törnkvist et al (1993, p 336) 
to study student comprehension of electric fields. 

One comment made in the study is that the ubiquity of the often encountered 

situations becomes a source of confusion in itself. For example, students come to believe 

that electric field lines are always straight, because that is how they are drawn between 

the plates of a capacitor.  (The analog in magnetism would be particles that always move 

perpendicular to a magnetic field, the prototype for Lorentz force problems.)   

In similar research, Galili (1995) showed that students overwhelmingly (70-80% 

of respondents) seem to believe that the trajectory of charged particles will follow the 
 22
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electric field lines.  The authors attribute this result to an Aristotelian understanding of 

the force-movement, relationship. A second finding was that a majority of students had 

an incomplete understanding of the field concept:  60% believed that when a charged 

particle gains kinetic energy from an electric field, it does so at the expense of the field, 

that is, “the field provides the energy increase at the expense of its strength.”  In response 

to a similar question involving a permanent magnet exerting a force on a current-carrying 

wire, only 15% predicted the field would be weaker.  However, the authors point out that 

40% of the students did not answer, and that those students might have been searching 

for, but unable to find a plausible chain of reasoning by which a permanent magnet could 

give up it energy.  Finally, the authors claim that even though this was not probed in their 

study, their sense is that the students do not have any ideological difficulties with the idea 

of interaction at a distance in electromagnetism, or for that matter, gravitation without an 

observable mediator (unlike the younger students in Bar et al 1997).  

Pocovi & Finley (2002) explored the distinction between lines of force as 

geometrical representations versus lines of force as real ontological entities.  They note in 

the introduction that Faraday’s writings can be interpreted to show that he simultaneously 

held both views.  The paper explores the extent to which student believe that lines of 

force are real.  Their research is largely inspired by the results of Tönrkvist et al (1993) 

and Galili (1995) that showed that many students believe that charged particles are 

constrained to move along force lines, as if enclosed inside an invisible tube.  Their 

research method consisted of giving students two written problems that showed a charged 

particle either on or near a set of curved electric field lines.  The students were asked to 

provide written responses to how the particle would move, and to justify their answers.  

About half of the students (49%) claimed that particles were constrained to move along 

field lines.  The authors’ conclusion, that many students believe field lines to be 
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ontologically real entities is inferred from written responses to the problem.  I am not sure 

this conclusion is entirely justified, since the authors never explicitly asked the students 

about their beliefs regarding the reality of electric fields (which they could have done in 

follow-up interviews).  I think students who have not given much thought to the matter 

might guess that particle ought to move along field lines without actually believing in the 

reality of field lines.  Also, as Törkvist et al (1993) point out, students are choosing not to 

think about what they learned in mechanics. 

Viennot & Rainson (1992) sought to determine to what extent the seemingly 

obvious idea of superposition is resisted when students are confronted with complex 

situations. The authors found that even after a complete, sophomore-level university 

course in electrostatics, a third of the students think that insulators can block electric 

fields.  From this they conclude that students do not spontaneously apply the principle of 

superposition. 

Greca & Moreira (1997) studied students' internal representation of 

electromagnetic (EM) fields based on the theoretical perspective of Johnson-Laird 

(1983). The Johnson-Laird theory of mental representation holds that there are at least 

three major kinds of mental representations: mental models (analogies), propositional 

representations, and images.  A finding of this, mostly qualitative, study was that students 

will work at the level of proposition (specifically, equations) when they cannot form a 

mental model of the physics.  Frequently students understand the math, but not the 

physics.  However, those students who are able to form mental images manage to explain 

problems even if they do not master the math. Their conclusion is that forming images is 

important to understanding E&M and ought to be happening more than it does. 
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2.4 WHY TEACHING AND LEARNING E&M IS DIFFICULT; PROPOSALS FOR 
IMPROVING E&M EDUCATION 

In this section I summarize some current thinking among researchers on why 

elementary E&M instruction is not effective and on what ought to be done.  These works 

focus on the need to improve conceptual understanding and, in large part, reflect our 

thinking about the problem.  

Several authors have proposed explanations for why introductory E&M is so 

difficult.  Maloney et al (2001) note that, whereas most students have an intuitive sense 

for mechanics, “in the domain of electricity and magnetism most students lack familiarity 

with both the phenomena and most of the concepts, language, principles, and relations” 

(Maloney et al 2001, p S15). Furthermore, E&M builds on mechanics, so an incomplete 

understanding of mechanics can compound the difficulty in learning E&M.    

Chabay & Sherwood (2006) point out that   

“In E&M students encounter for the first time a level of abstraction and 
mathematical sophistication far beyond what they have experienced…..the student 
is quickly introduced to a world in which almost all of the quantities are invisible; 
they are either microscopic such as electrons or abstractions such as field, flux, 
and potential. Integral calculus becomes a central mathematical tool….For the 
first time, it is necessary for students to think and visualize in three dimensions, a 
skill they have never before practiced.”  (Chabay & Sherwood 2006, p 329) 

Reasoning along the same lines, Manogue et al (2006) note that the cognitive load 

involved in solving problems using Ampere’s law is considerable.  It requires that 

students: 

• Recognize symmetry arguments 

• Represent physical quantities symbolically and keep track of their 

properties 

• Move smoothly between various representations 

• Make geometric arguments such as interpreting integrals and sums 
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• Recognize and solve subtle inverse problems. 

These skills are extremely demanding and we are expecting students to think like 

experienced physicists as they are learning to become physicists. 

Bagno & Eylon (1997) describe how students fail to develop a clear sense of what 

is central to the subject, with a high proportion of the students claiming that Ohm’s law is 

one of the most important ideas of electromagnetism.   

These and other writers propose that reform ought to focus on providing a better 

presentation of the big picture.  Furio et al (2003) present a “learning-by-inquiry” 

approach for teaching E&M to high school students.  Galili & Kaplan (1997) proposed 

teaching introductory E&M using an approach emphasizing the complementarity of 

electric and magnetic fields.  Bagno & Eylon (1997) proposed supplementing instruction 

by having students construct a high-level concept maps of the subject centered on 

Maxwell’s equations.  To make the field concept appear more important, comprehensible, 

and useful to the students, Chabay & Sherwood (2006) proposed a redesigned topic 

sequence for teaching introductory E&M that emphasizes the following: 

• A small number of fundamental principles.   

• A unified approach based on the integration of the atomic nature of matter 

and macro/micro connections.   

• The modeling of real physical systems, including computational modeling.  

There are also many papers that address how one might improve qualitative 

understanding of specific topics in E&M.  For the most part, these papers are written by 

physics educators and the papers do not constitute education research in the strict sense.  

Many of these papers focus on what might be done to help students visualize magnetic 

fields. 
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Belcher & Olbert (2003) describe how Faraday’s intuitive, field-line-centric 

approach to magnetism can be used to help students to connect the dynamics of 

electromagnetism to their everyday experience (that is, help the students create simple 

analogies between field lines and the familiar behavior of strings and ropes).  The paper 

considers only the mathematics of how one might animate field lines. Belcher 

acknowledges up front that there is no unique way of describing field line motion, citing 

a result from Vasyliunas (1972).  The paper proposes that of the many possible ways to 

represent field line motion, anchoring field lines to the ExB drift of a massless particle is 

the most intuitive.  This paper has a rich bibliography of instances where field line 

animations were used in teaching, and mentions that not all outcomes have been those 

hoped for. Belcher and Olbert (2003) do not include pedagogical results of using field 

line animations in instruction.  In a subsequent article (Belcher 2005), the author 

describes the Technology Enabled Active Learning (TEAL) project at MIT, which 

produced a library of animations of field line motion.  In this paper they claim that the 

use of these visualizations in the freshman EM course at MIT resulted in learning gains.  

A study of MIT students in the TEAL course is described in detail in Dori et al (2007). 

Another strong proponent of teaching students to think in terms of fields is 

Herrmann (1989). The author argues that the way students are taught about the magnetic 

field does not present the full richness of the field.  He points out that the word “field” 

can be used in two ways.  In one way it simply describes the distribution in space of some 

quantity.  In the other way, it describes a system.  The electromagnetic field, the author 

argues, should be presented as the latter rather than the former.  “It is a thing in which not 

only field strengths have definite values, but many other variables too, as, for instance, 

energy, entropy, momentum, and mechanical stress” (Herrmann 1989, p 707).   
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Herrmann further argues that the idea of stress within a field, if introduced at all, 

is introduced way too late in the curriculum and as something of a curiosity and not 

essential to understanding electromagnetic forces. He makes the case that one can 

introduce the concept of the Maxwell stress tensor without requiring students to know 

tensor calculus.  This can be done by limiting the discussion to the idea that parallel to 

field lines there is a tension and perpendicular to field lines there is a pressure of the same 

amount.  The author points out that this is analogous to how we discuss pressures in gases 

and liquids with beginning students: we talk about pressure without the need to explain 

that pressure is equal to the diagonal elements of a stress tensor.  The paper provides 

examples of how one might cover the basic ideas in this manner and in doing so convey 

to the student that force and pressure are properties of the field, rather than of the sources 

of those fields.  Emphasis on the concepts of magnetic pressure and energy, the author 

argues, is central to providing students with a more complete sense for the nature of the 

EM field. 

In another, less convincing, article Hauptmann (2000) proposes that the 

conventions for representing field strength by the density of field lines can be made more 

useful by including orthogonal surfaces to provide additional information about the 

fields.  This paper appears to be for the benefits of experts only, and does consider the 

risk of complicating what is for most students already confusing enough. 

The enthusiasm for visualizing field lines is not shared by all, however.  This is 

especially true when it comes to field lines in motion.  Fälthammar & Mazer (2007) take 

a strong stand against ever representing field lines in motion.  They cite Alfven, who 

originally proposed the idea of “frozen” field lines, only to later recant the entire idea that 

field lines in motion could be represented.  Wolf (1996) discusses problems that can arise 

when using field line diagrams to depict two-dimensional slices of three-dimensional 
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electric fields created by coplanar charges.  As with most of the others, this paper is 

technical, narrowly focused, and does not discuss implications of this proposal for 

teaching.  Cross (1989) in a good but complicated paper analyzes the merits and pitfalls 

of the magnetic-field-line-as-rubber-band analogy.  The paper does not reject the 

analogy, but shows how it is far from a direct analogy, and that one has to be clear about 

the fact that forces are only acting on charge carriers, not on the field lines themselves.  

In this respect, the magnetic field is fundamentally different from physical media.  This 

paper is mostly for the benefits of experts, and does not report any classroom interactions 

with the ideas presented in the paper. It nevertheless has important implications for 

education, since the analogy to rubber bands is often used. 

Closely related to the topic of field line visualization is the use of computer 

programs to teach electricity and magnetism.  Hoburg (1993) summarizes 15 years of 

personal experience using computers to teach E&M to electrical engineering students at 

Carnegie Mellon.  He compares the effectiveness of four types of programs: 1) Programs 

that let students avoid tedious calculations, 2) Source-Field relationship programs, 3) 

field animation programs, and 4) general purpose numerical methods programs.  In 

contrast to Belcher (2005), Hoburd’s experience with the first three types of programs is 

predominantly negative (except in the case where the students were required to write the 

programs). According to the author, simply providing students with the means to obtain 

or view solutions seems to provide little benefit.  The most benefit is derived from 

general purpose tools, used in such a way that the students are responsible for setting up 

the problems, preferably problems of their own choosing.  He describes frequently 

observing that the students who benefit the most tend to be the ones who already 

understand what the software is supposed to show them.  He concludes that less effort 

should be spend on developing educational software and more effort on systematically 
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evaluating its effectiveness.  Supporting this view are Squire et al (2003) who describes 

the outcome of a study in which a classroom used a computer game to teach basic 

concepts in electrostatics.  The paper reports some small gains, as compared to a control 

group, but concludes that many obstacles remain to realizing the potential of interactive 

games for teaching physics. 

2.5 EXPERT NOVICE STUDIES INVOLVING PHYSICS 

Expert novice studies are frequently used in education research since the goal of 

education is to bring individuals from a novice to an expert level of performance. 

Physics, like chess, is a domain that is well suited for studying the differences between 

novices and experts.  Chess lends itself well to the study of expertise because there is a 

very effective ranking system that can be used to determine levels of proficiency (Ross 

2006).  The subject of physics works in the study of expertise because the normative 

knowledge of the domain, that is, what physicists ought to know and do is well 

established and can be described precisely.   

In one of the earliest expert/novice studies involving physics, Chi et al (1981) 

explored the hypothesis that “expert-novice differences may be related to poorly formed, 

qualitatively different, or nonexistent categories in the novice representation…that much 

of expert power lies in the expert's ability to quickly establish correspondence between 

externally presented events and internal models for these events” (Chi et al 1981, p 122).  

The study consisted of various card sorting tasks in which experts (physics professors and 

grad students) and novices (undergrads who had completed one semester of mechanics) 

were asked to group physics problems into categories.  A widely cited finding was that 

novices tended to sort by surface features (e.g., rotating disk problem, inclined plane 

problem), or by the presence of some key word, such as friction, in the wording of the 

problems. The experts, on the other hand, did not seem to use surface features as a basis 
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for their characterization, instead they focused on which major physics principle was best 

suited to finding a solution to the problem (e.g., conservation of energy, Newton's second 

law).  Thibodeau, Hardiman et al (1989) conducted a similar study and arrived at a 

similar conclusion: that novices rely on surface features and experts rely on deep 

structure. 

At the end of Chi et al (1981) the authors speculate on what process the experts 

and novices might be using to categorize problems. “In general in the early reading of a 

problem, an expert usually entertains a hypothesis, a potential physics principle, or a set 

of plausible competing hypotheses.  This is followed by extraction from the problem of 

additional features, which are used to confirm, reject, or choose among hypothesized 

principles." For the novice the representation process is guided by the generation of 

surface related categorization, followed by an attempt to recast the problem into 

equations that can be solved.  Experts perceive more in a problem statement than do 

novices. They have a great deal of tacit knowledge that they can use to make inferences.  

Their selection of which principle to apply seems to be guided by this tacit knowledge. 

For experts, constructing a representation occurs over a span of time and involves an 

interplay between the problem statement and the knowledge base. 

Often cited studies of expert/novice problem-solving in physics were also 

conducted by Jill Larkin (Larkin & Reif 1979, Larkin 1983), who focused on the 

difference between “naïve” representations, typically used by novices and “physical” 

representations typically used by experts.  Larkin observed experts and novices solving 

physics problems using a think-aloud protocol.  She found that the naïve problem 

representations of novices  

• tend to involve direct representations of the visible entities mentioned in 

the problem statement.   
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• lead to inferences about the problem by imagining how the system might 

evolve with time.   

• do not include physical principles.    

In contrast the physical representations of experts (by physical she means 

grounded in the domain of physics)  

• contain idealized objects and fictitious imagined entities such as forces 

vectors and magnetic fields. 

• lead to inferences about the problem by providing constraints on what is 

possible. 

• are very much based on the principles of physics. 

Novices and experts both begin with a mental image of a problem.  For novices 

the mental image can be used to simulate how the system might evolve in time but not 

much more. Surface features of the image suggest equations that might apply to the 

problem.  For experts, the mental image serves as a backdrop onto which the expert adds 

overlays related to concepts in physics.  One overlay might be a set of force vectors from 

which a second-law solution can be found.  Another might be a set of energy states.  

Whereas novices move quickly to writing equations, experts think through which general 

approach is best suited to solving the problem, then apply the appropriate equations. 

Stocklmayer & Treagust (1996) studied the differences between student and 

expert mental models of electric current.  They found that students and physics teachers 

think of electric current in microscopic terms whereas experts (many of whom were 

electricians and engineers, rather than physics professors) thought of electric current in 

terms of fields or more abstract quantities like potential.  From this, the authors conclude 

(incorrectly I believe) that the microscopic picture (electrons moving down the wire) is 
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not necessary and perhaps stands in the way of achieving and expert-like understanding 

of electricity.   

A model for how representations develop in Physics as one progresses from 

novice to expert is put forth by Maloney & Siegler (1993).  The authors present three 

possible frameworks for conceptualizing the process by which knowledge and expertise 

are acquired.  The first is a change from absence of relevant physical concepts to the 

presence of relevant physical concepts (acquisition model).  The second is a change from 

intuitive understanding of physical phenomena to an understanding that is consistent with 

physical principles (replacement model).  The third involves several different 

understandings coexisting and competing for a sustained period of time (coexistence and 

competition model).  The authors provide evidence that the third framework best 

describes the process by which students acquire an understanding of physics.  They 

observed how 40 students at Carnegie-Mellon solved a set of physics problems, all of 

which could be solved in several different ways.  They found that two thirds of the 

subjects used three or more different strategies, at times using more obvious but less 

efficient approaches to solving kinetic energy and momentum problems.  

There is other evidence to suggest that the coexistence and competition model 

best describes the process by which expertise is acquired. The coexistence and 

competition model has been applied to explain cognitive growth in other areas such as 

learning arithmetic (Sigeler 1996, 1998).  Chi et al (1981) looked at how fourth year 

physics undergrads (that is, experts in training) performed, and found that they shared 

attributes of both experts and novices. "Individuals of intermediate competence exhibit 

some characteristics of each [expert and novice]….Furthermore, with learning advanced 

novices begin to categorize problems by the principles with gradual release from 

dependence on the physical characteristics of the problems, although their groupings are 
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still constrained by surface features." This is also supported in research by Clement 

(1994) who showed that experts, when presented with more difficult problems than those 

in earlier studies, in fact relied on concrete images, simulations, and very basic intuitions.  
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3. Research Method, Design, and Data Analysis 

3.1 OVERVIEW 

The research reported here sought to characterize how electricity and magnetism 

is conceptualized qualitatively across the range of expertise and to identify productive 

and non-productive problem-solving strategies.  To this end I interviewed 31 

respondents, evenly distributed among the following three groups:  

• Novices: students who have completed only one introductory college-level 

course in E&M 

• Experts-in-training: upper-level undergrads, graduate, and post-doctoral 

students, who had had at least two college-level E&M classes 

• Experts: professors and researchers with PhDs and over 10 years of 

professional experience working on problems in E&M.   

The interviews were about an hour long and consisted of having the respondents 

solve eight (multi-part) problems in E&M.  The problems, developed and refined through 

pilot testing over the course of about five months in 2006, were designed to test for 

conceptual understanding.  The problems involved basic concepts presented in 

configurations more complicated than typically appear in text book problems. As such, 

the problems could not be solved by rote application of equations.  With minor 

exceptions, all the respondents were presented with the same problems.  The format of 

the interviews was flexible to allow for differences in the abilities the respondents.  The 

problems started simply and became progressively harder. Most of the novices did not 

progress very far into the problems, whereas most of the experts completed all parts of 

the problems.  The respondents were asked to think out loud as they worked through the 

problems.  The interviews were audio taped and later transcribed.  I kept a record of all 
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the sketches and notes produced during the interviews.  The rationale and justification for 

using this format is discussed later in this section.  

The transcripts were analyzed (coded) with two objectives: to capture the state of 

conceptual understanding across the three groups and to identify the dominant 

approaches to problem-solving used by each of the groups. Coding for conceptual 

understanding produced a summary of what respondents in the various groups said.  

Frequently occurring responses that were incorrect provide some insight in common 

sources of confusion for students.  Coding for problem-solving approach provided 1) 

some insights into the process by which expert-like performance develops for this 

domain, and 2) insights into how instruction might be modified to help develop expert-

like performance in students earlier in their education.   

3.2 RESEARCH METHOD 

The decision to conduct a qualitative study was based on a review of the 

literature, which showed that many topics of interest were still in the early stages of 

exploration.  Although there has been a substantial amount of work on how beginning 

students learn about electrostatics and direct current (d.c.) circuits, there has been 

relatively little work on a) how upper division students learn, and b) on topics relating to 

magnetism (McDermott and Redish 1999).  For this reason I felt that a qualitative study 

would be more productive, as it would allows patterns and trends that have not yet been 

identified to emerge.   

The format chosen for data collection was a structured clinical interview in which 

the respondents worked through a series of problems while thinking out loud.  Structured 

interviews using think-aloud protocols have been used in many of the science education 

and expert novice studies. Törnkvist et al (1993) used a pencil and paper test followed by 

a series of exploratory interviews administered to randomly selected students.  Greca & 
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Moreira (1997) studied students' internal representation of EM fields based on the 

theoretical perspective of Johnson-Laird (1983). Their study followed 50 sophomore 

engineering students over the course of two semesters to determine whether there are 

qualitative differences among mental representations of the electromagnetic field for 

solving problems in electricity and magnetism.  They used a combination of methods 

including interviews about what the students had learned in the course.  Guisasola et al 

(2004) used a combination of qualitative and quantitative methods to study four groups of 

students that ranged from second year high school students to first through third year 

college students in engineering and physical science. The study included 30 minute 

interviews of 24 students from the four different levels during which the students were 

presented with “problematic” questions, that is, problems designed to probe conceptual 

understanding.  Along these same lines, Bagno & Eylon (1997) used what they called a 

“nonstandard problem” type because it is qualitative, open-ended, with many possible 

answers. An example is shown in figure 3.1. 



 

Figure 3.1 Example of a “nonstandard problem” used to study conceptual understanding 
of electricity and magnetism (Bagno & Eylon 1993, p 734). 

Similarly, most of the expert/novice research involving physics has used clinical 

interviews and think-aloud protocols to study how individuals with varying degrees of 

competency approach problem solving. These include studies on problem classification 

(Chi et al 1981, Thibodeau Hardiman et al 1989); studies of mental models (Stocklmayer 

& Treagust 1996, Greca & Moreira 1997); and studies on representations used in 

problem-solving (Larkin & Reif 1979, Larkin 1983, Clement 1994). 
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3.3 SELECTION OF GROUPS/RESPONDENTS 

I chose to use three groups in the study for two reasons: firstly, by limiting myself 

to a total of three groups I would increase the number of respondents in each group. And 

secondly, because I had no a-priori reason to believe that there should be any significant 

differences within the middle group, the Experts-in-Training, that could justify the 

creation of an additional group. I defined the Novice group as students who had taken 

only one college-level introductory class in E&M. This group represents the 

overwhelming majority of students who study E&M. Furthermore this group has itself 

been extensively studied, allowing us to check our work for external validity.  For much 

the same reason, Expert was an obvious category, since experts have also been 

extensively studied.  The definition of experts (individuals with PhD’s and with >10 

years of professional experience) is consistent with most of the criteria used to define 

experts in the literature (∼10,000 hours, Branson et al 2000).  I chose to collect everyone 

in-between into one group rather than more than one group for the reasons cited above.  

The selection of 10 members per group was a compromise between committing to 

a manageable number of interviews and collecting enough data to allow meaningful 

patterns to emerge.  In retrospect I believe the decision was justified.  In qualitative 

research the objective is not so much to produce statistically significant results, but rather 

to generate findings that have a high degree of external validity. Quantitative studies of 

physics learning typically involve hundreds to thousands of students (Maloney et al 

2001).  This is not what I was after.   

The recruiting procedure varied according to group.  Experts were either physics 

professors at the University of Texas who had taught or were working in the area of 

E&M, or researchers at the University of Texas and National Laboratories who were 

working in topics involving E&M.  I approached members of this group directly and 
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asked if they would be willing to participate in the study.  This group received no 

compensation.  Members of the other two groups were recruited by one of two methods. 

Most commonly, professors would inform students in their classes (either through 

electronic course management software, by email, or in an announcement during class) 

that I was looking for volunteers to participate in a study on physics learning.  Toward 

the end of the study I amended my research protocol as approved by the Institutional 

Review Board so that I could post flyers on the University of Texas campus.  Students in 

the expert-in-training group were paid $10 for participating.  Students in the novice group 

were paid $20 for participating, since it was more difficult to find volunteers from this 

group.  

I accepted all applicants that met the requirements for the study. Nine of the ten 

novices were University of Texas undergrads in either engineering or physics, the 10th 

novice was a high-school physics teacher, who met the requirements since he had 

completed only one college-level introductory class in E&M.  The Experts-in-training 

consisted of three physics majors who had just completed a second course in E&M; four 

graduate students in physics; two graduate students in engineering doing research in the 

physics department on electrodynamics; and one physics post-doctoral student working 

with lasers. The Experts were evenly divided between physics professors and researchers: 

five were physics professors, five were researchers, and one was a researcher who also 

served as adjunct physics faculty. The 11th expert was added to the study to make up for a 

partially erased tape from the interview of Expert 10. 

Table 3.1 shows a summary of the respondents (names not provided) and their 

qualifications.  The first column is the ID assigned to each respondent.  The digit before 

the decimal point identifies the group (1. = Novice, 2. = Expert-in-Training, 3. = Expert) 
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while the digits after the decimal point identify the individual, in the order in which the 

interviews were conducted.    
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Table 3.1 Summary of respondents and their professional and educational backgrounds. 

Code Date Vers. professional and educational background 
Novices 

1.1 07-09-24 2.5 Physics/astronomy major at UT  took 316 
1.2 07-10-10 2.5 AE Major UT, educated in Singapore, Phys303 @  another school 
1.3 07-10-12 2.5 AE Major UT, Physics 303L 
1.4 07-10-12 2.5 AE Major UT, Physics 303L 
1.5 07-10-15 2.5 AE Major UT, Physics 303L equiv., 2 months ago, at ACC 
1.6 07-10-16 2.5 Phys Major UT, Phys 316 at least three years ago. 
1.7 07-10-17 2.5 Phys Major UT, Phys 316 
1.8 07-11-20 2.5 UTeach phys/math, 303 six years ago 
1.9 07-11-27 2.5 Math major, was physics major for 1.5 yrs.  Phys316: 3 years ago. 
1.10 07-12-01 2.5 BSEE from the University of SC 1972; Semiconductor Engineer for 

Motorola, retired, now high school science teacher for 2 yrs. 
Experts-in-Training 

2.1 07-03-08 2. 2 EM classes; g.s. EE; res. on plasma device 
2.2 07-05-16 2.3 2 / u.g. physics UT Physics major, third year.  Also has a BS in 

Music. Just had 352k. Considers self mathematical. 
2.3 07-05-16 2.3 2 / u.g. physics UT 
2.4 07-05-29 2.3 2 / u.g. physics UT; Physics Major,. Took AP physics in 1997, 

placed out of freshman physics; 352K Spring of 07.  
2.5 07-08-14 2.4 2+ grad level MHD; g.s. in AE 
2.6 07-08-14 2.4 PhD Phys Postdoc 1 yr. 3 EM classes Works w/ lasers 
2.7 07-08-28 2.5 3 EM classes (one sem of Jackson as u.g. in China one as g.s. at UT; 

g.s. Physics UT 
2.8 07-09-21 2.5 2+ EM classes; g.s. Physics UT 
2.9 07-10-05 2.5 2 u.g. EM classes + 1 sem. of Jackson; g.s. Physics UT 
2.10 07-11-02 2.5 3 EM classes (2 Jackson); g.s. Physics UT/plasma  

Experts 
3.1 07-03-06 2. PhD Physics Caltech; researcher 
3.2 07-06-28 2.3 PhD Physics; UT Phys Prof. 
3.3 07-06-29 2.3 PhD Physics; UT Phys Prof. 
3.4 07-07-10 2.3 PhD Physics; UT Phys Prof. 
3.5 07-07-25 2.3 PhD Physics Cornell; researcher 
3.6 07-08-22 2.5 PhD Engineering Mechanics UT; researcher 
3.7 07-08-23 2.5 PhD Electrical Engineering MIT; researcher 
3.8 07-08-28 2.5 PhD Engineering Mechanics UT; researcher 
3.9 07-09-04 2.5 PhD Physics Univ. Iowa; researcher 
3.10 07-09-20 2.5 PhD Physics; fusion researcher/UT Physics Instructor  
3.11 07-09-23 2.5 PhD Physics; Cornell Physics professor  
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The second column shows the date of interview. First to be interviewed were 

experts, starting at the beginning of 2007.  These were followed (with some overlap) by 

the experts-in-training. The novices (with some overlap) were interviewed last.  

Conducting the initial interviews with the experts was intentional, as feedback from the 

experts was used to improve the instrument.  Also my lack of interviewing experience 

was less critical with the experts.  By and large the experts volunteered so much 

information that it offset potential coding/consistency problems from using an almost, but 

not completely, finalized version of the instrument for some of the interviews.  This is 

discussed in more detail in the section on coding.  

3.4 HOW THE INSTRUMENT WAS DEVELOPED 

The interviews were structured around a printed-out series of questions. The 

questions were divided into eight problems, each of which had an average of five 

subsections.  One of the questions is shown in Figure 3.2; the entire instrument is 

reproduced in Appendix 1. Although the test was modified during the course of the 

interviews, the changes were minor and were tracked.  The changes consisted mostly of 

renumbering or reordering problems, deleting unproductive questions, and rewording 

questions for clarity.  There was enough redundancy in the instrument that the differences 

between versions did not pose problems for analyzing the data. I note in the presentation 

of results the few cases where responses to version 2.0 and 2.3 did not supply some 

information that was sought from respondents on later versions.  Redundancies in the 

questions usually provided the information elsewhere in the interview. 
 



 

Figure 3.2 Typical page from the instrument, version 2.5. 

The eight questions used in Version 2 were developed to correct problems that 

became evident in the course of pilot testing Version 1. Version 1 (which reads very 

much like a comprehensive final examination for an introductory E&M class), had two 

serious flaws: 1) it was way too long and 2) it relied too much on simple, textbook-like 
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E&M problems.  It was too long because I was not experienced enough when I wrote it to 

know better.  I quickly learned how tiring long interviews can be for both interviewer and 

respondent.  This problem was corrected by including fewer questions in Version 2.  The 

second problem was that most of the questions in Version 1 could be (and were) solved 

by rote application of equations, and as such provided little or no information about the 

conceptual understanding of the respondents.  Pilot testing of Version 1 provided enough 

insight to correct this problem in Version 2. 

The questions in Version 2 could not be solved computationally, and as such were 

similar to the open-ended “problematic” and “nonstandard” problems used by Guisasola 

et al (2004) and Bagno & Eylon (1997) respectively in their studies of qualitative 

understanding.  The problems in Version 2 had little superficial similarity with common 

text-book problems or examples.  These problems required that students correctly classify 

what aspect of E&M was involved, and apply their understanding to unfamiliar 

geometries.  Before using Version 2 in the research I asked two professors in the Physics 

department at the University of Texas (who were not interviewed as part of the study) 

whether students who had taken one introductory class in E&M could be expected to 

answers the questions on the test.  They both said that even though parts of the test were 

“tricky,” all of the questions were fair. The concepts covered in the interviews were those 

typically covered in the second half of an introductory E&M class. These include 

magnetostatics (including basic ferromagnetism), magneto-dynamics, inductance, and 

LRC circuits.  The light and wave nature of electricity and magnetism was not included, 

as this is typically covered in a separate course. Relatively obscure topics like 

diamagnetism and paramagnetism were also not covered. The instrument was initially 

heavily biased in favor of magnetism versus electrostatics for several reasons.   
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1. Because electrostatics is conceptually simpler than magnetism, it is taught 

first in the sequence and tends to receive a disproportionate amount of 

class time (Chabay & Sherwood 2005).  As one might expect, students 

tend to do better (although not much better) on this part of E&M, and so 

electrostatics does not represent as big of a problem as magnetism.  

2. For whatever reason, most of research into student learning of E&M so far 

has focused on understanding of electrostatics, leaving a gap in the body 

of research on magnetism.  

3. Given my limited resources, I decided it would be more productive to 

focus one aspect of E&M rather than produce a more superficial survey of 

more topics.  

Eventually, the problem on electrostatics was eliminated altogether, as it became 

clear that it was not essential to the study of how students were thinking about 

magnetism. Also, including the problem on electrostatics was making the interviews too 

long. 

3.5 HOW THE INTERVIEWS WERE CONDUCTED 

On average the interviews lasted about one hour.  They tended to be longer for the 

experts and shorter for the novices.  As Posner & Gertzong (1982) note, the chief goal of 

the clinical interview is to “ascertain the nature and extent of an individual’s knowledge 

about a particular domain by identifying the relevant conceptions he or she holds and the 

perceived relationships among those conceptions” (Posner & Gertzong 1982, p 195).   

The reason for using clinical interviews to probe cognitive structures is that that they are 

highly flexible.  They allow the respondents to speak freely and volunteer information 

that might not otherwise be revealed, while at the same time allowing the interviewer to 

focus the discussion or ask for clarification when it might needed.  This flexibility was 
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particularly important for this study in which the same questions were being asked to 

three groups with widely varying levels of competence.   

Every problem started with straightforward questions and progressed to more 

complicated questions.  The first part of the problems tended to establish the level of 

understanding of the respondent for some aspect of E&M.  The second part of the 

problems probed how the respondents used their understanding to reason through more 

involved problems. If it became clear to me during the first part of a problem that a 

respondent did not understand the concepts well enough to solve the second part of the 

problem, I would opt to skip the second part and either have a more involved discussion 

about the answers to the first part, or move on to the next question.  Most of the time I 

made the decision to skip the second half of the problems, when the respondents gave 

answers to the first part like “I don’t know,” “I have no idea,” “we never did problems 

with plates in class.”  

Selectively skipping parts of the test made it more difficult to make definitive  

statements about what respondents did or did not know.  However, the alternative would 

have been to pointlessly create a demoralizing experience for many of the respondents.  

In skipping over the difficult parts, I opted for flexibility at the expense of accuracy.  As 

per Ginzburg (1997) this is sometimes a necessary trade-off when the key goal is to look 

beneath answers to understand the thoughts that produced it.  To this end it is appropriate 

to  

• make informal contact 

• begin with an easy task 

• display warmth and support 

• encourage effort 

• monitor affect 
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• show “critical sensitivity to the individual” 

• explore interesting leads 

• rephrase questions 

• probe unclear responses 

• offer counter suggestions 

• provide hints and other forms of help to establish learning potential 

(Ginzburg 1997, p 198) 

The interviews with the experts tended to get straight to the point and establish 

early on their understanding of the basic concepts.  These interviews typically covered all 

the material on the test, and eventually progressed to discussions in which they described 

their approaches to problem solving.   

The interviews with the novices tended to start more slowly, requiring a period of 

confidence building before getting to some of the harder questions.  In many of these 

interviews I provided feedback to assure the respondents that they were doing alright.  I 

also frequently prompted the novices when I thought they might be familiar with some of 

the concepts, but not recalling to mind all of the details.  If the respondents were mostly 

at a loss with regard to a question, which was usually the case as the problems became 

more difficult, I would move on to the next question.  Sometimes I would revisit a 

concept in other questions. 

For the interviews with the Experts-in-training, I used a combination of strategies: 

feedback and reassurance when I felt that it would help shed more light on what they 

knew and how they were thinking.  But for the most I would hang back and let them 

struggle with the problems.  In general, the experts-in-training were more like the experts 

than the novices in their tenacity and willingness to grapple with problems. 
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3.6 HOW THE DATA WERE ANALYZED 

The transcriptions were analyzed (coded) with two broad objectives:  

1. to catalog the responses across the three groups 

2. to identify the dominant approaches to problem-solving used by each of 

the groups. 

Cataloging the responses provided a general sense for the level of conceptual 

understanding.  It also identified some common sources of confusion.  Coding for 

problem-solving approach provided some insights into the process by which expert-like 

performance develops for this domain.  These insights in turn suggested ways to modify 

instruction so as to help develop expert-like performance in students sooner rather than 

later, (discussed in Chapter 6). 

The first step in analyzing the data was to transcribe the interviews into 31 Word 

documents.  Sketches produced in the course of the interviews were scanned and 

embedded into the documents. The transcripts were then imported as 31 individual 

primary documents into ATLAS.ti, a commercially-sold program for coding qualitative 

data. 

The final coding scheme had three principal categories of codes.  One category 

identified what problem or subset of a problem was being discussed in the transcript.  

These codes served only a book-keeping function.  A second category of codes classified 

responses to specific questions. This coding was tedious, but in the end, straightforward, 

(like grading lots of tests).  These were open codes, that is, they were suggested by 

patterns in the transcripts rather than generated ahead of time. Open coding was 

performed the way it typically is in qualitative research, using a bottoms-up approach that 

allows patterns to emerge from the data rather than trying to fit the data into a 

predetermined structure.   Some examples are shown in Table 3.2.  
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Table 3.2 Some examples of codes in the “response” family  

Code Definition 
"bar_magnet_visual_rep" uses bar magnets or north and south poles to think about 

magnetic fields. 
“don’t_know”  
 

says "don't know,"  "don't remember," "I'm going to guess." 
Sometimes I determine that doesn't know if too much 
prompting required to get at the answer or if question is 
asked but they don't answer it.  Sometimes I will code don't 
know, and at the same time code whatever guess they 
proposed. 

“condctrs_magnetize” refers to the misconception that conductors behave like 
ferromagnetic materials; that materials like copper have 
ferromagnetic domains. 

“long_solenoid” shows field lines that look like those of a long solenoid, or 
provides an answer that suggests that inductance is 
primarily related to long solenoids. 

"force_on_dipole=torque" 
 

over-generalization that magnetic dipoles in a field feel 
torque. 

 

The third family of codes sought to identify patterns in how the respondents 

reasoned and how the respondents represented problems and solutions.  Developing this 

coding family proved to be more difficult than I had anticipated.  I started with a 

combination of codes grounded in the data and codes grounded in theory.  The codes 

grounded in the data were straightforward, such as: reasoning by liming case, reasoning 

in terms of length scale/time scale, reasoning by analogy, reasoning using multiple 

perspectives, etc. 

The codes based on theory primarily sought to capture distinctions between visual 

and propositional ways of thinking about physics.  I believed at the outset that qualitative 

understanding of magnetism might be strongly related to visual thinking about magnetic 

fields, and that somehow my data might show that visual thinking is necessary for expert-

like performance in this domain. This assumption, as well as the more general idea that 

thinking can be parsed as visual or propositional, led to several problems. 
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To make short what turned out to be a long story for me, a close reading of the 

theories of representation (discussed in Chapter 1) shows that in most schemes, visual 

and phonological (propositional) categories of representation are devoid of semantic 

content.  Meaning is always generated in the third category, the one to which we have the 

least (if any) access.  If we do not have access to cognition, then it is meaningless to 

speculate as to whether thinking is visual or phonological.  Invariably both 

representations are involved and at a practical level (of coding) difficult to separate.     

In the end, I abandoned attempts to code for visual and phonological 

representation, in favor of more narrowly defined codes such as “visualizing field lines.”   
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4. Results 

4.1 INTRODUCTION 

This work had two research objectives: 

a) To characterize qualitative understanding of  magnetism at three different 

levels of expertise from novice to expert, and, 

b) To determine how each of the three groups thinks and solves problems 

involving magnetism. 

This section is organized around these objectives.  Section 4.2 summarizes what 

the respondents said in answering the problems, while section 4.3 summarizes the 

principal patterns of thinking that emerged. 

The results in section 4.2 are organized by physics topic, for the most part in order 

of increasing cognitive complexity.  I begin with problems that are time-invariant and 

involve one and two dimensions.  This is followed by forces and pressures on current-

carrying conductors.  I then discuss inductance, which can be conceptualized in either 

time-invariant terms (flux per current) or in the context of a time varying magnetic fields 

(the proportionality constant between rate of change of current and induced EMF).  This 

leads to a discussion of problems in which fields are changing, first in time, then in space.  

The problems are summarized in appendix 1. 
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Table 4.1 How this section is organized: in order of increasing complexity 

 Concept: Behavior and Representation of Problem(s) 
1D in free space MS1.a 
2D in free space MS2.a.1 
…in conductors MS1.a 
Ampere’s law with symmetry MS1.a 

4.2.1 Stationary, time-invariant  
magnetic fields 

Ampere’s law without symmetry MS1.a 
…in a single current-carrying wire MS1.d 
…in a solenoid MS1.a, MS2.d 

4.2.2 Forces on stationary 
conductors, magnetic pressure 

…in parallel wires CF1.a  
…general concept L2.a 
…effect of shape, size, and materials L2.b 

4.2.3 The concept of inductance 

…how to compute L2.c 
4.2.4 Time varying problem in 1D  LRC circuit L1.a 
4.2.5 Time-varying magnetic fields Recognizing Induction MS2. 

Visualizing induced fields in 2D ECB1 4.2.6 Magnetic fields in motion 
Visualizing induced fields in 3D EC2 

This way of organizing the section helps illustrate one of the principal findings: 

that for all the groups the ability to reason productively is related to the level of 

complexity of the problems.  Novices were able to reason about problems that were 

stationary, one or two-dimensional and involved few variables.  Experts-in-training were 

able to reason productively about simple stationary and transient 2D and 3D problems, 

but tended to become stuck on problems that involved additional layers of complexity, 

such as invoking energy considerations, superposition, or viewing a problem from 

additional perspectives. In some cases the EITs were not much better than novices, while 

in other cases they were able to reason about new problems in ways that were truly 

impressive.  Finally, as one would expect, experts on the whole did quite well on all the 

problems.  They exhibited distinct, expert-like ways of thinking, many of which serve to 

reduce the cognitive complexity of the problems.  However, they too became stuck on 

some of the harder problems.  
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Because many of the expert responses to the problems asked of the novices were 

correct and concise, I do not spend much space presenting their responses in section 4.2.  

I describe Expert responses in greater detail in section 4.3 in which I summarize patterns 

of thinking that were frequently encountered with the experts. 

4.2 RESULTS ON KNOWING ABOUT MAGNETISM 

4.2.1 Problems involving stationary magnetic fields 

The first part of problems MS2 and MS1 involved sketching stationary magnetic 

field lines.  In MS2, respondents were asked to describe the field lines produced by a 

solenoid.  The magnetic field of a solenoid, which is analogous to the field from a bar 

magnet, is arguably the most basic possible 2D configuration for a magnetic field. In 

MS1, respondents were asked to describe the field lines inside and outside a long wire in 

free space. 

On these problems most of the respondents 1) understood that currents are the 

source for magnetic fields and 2) knew how to apply the right hand rule (RHR) that 

relates direction of current to the direction of the magnetic field lines.   

Novice responses to problems involving stationary magnetic fields 

For the solenoid problem seven of the novices correctly drew field lines that were  

• continuous, (that is connected back on themselves) 

• indicated a stronger field in the interior of the solenoid 

• displayed the correct symmetry. 

Typical responses for the novices are shown in figure 4.1.  Most began by 

drawing a uniform field inside the solenoid and ignoring the field outside the solenoid.  

This response reflects the fact that the long solenoid approximation is so frequently 

invoked in introductory courses that students come to assume that only long solenoids 



matter.  In interviews I would clarify that this was not necessarily a long solenoid, and I 

would ask about the field outside the solenoid. Most amended their sketches accordingly. 

  

Figure 4.1 Typical novice depictions of the field lines from a solenoid in free space.   
The kinks in the field lines on the left are the result of initially assuming a long solenoid.  
The sketch on the right is another “long solenoid” response. 

In the wire problem, eight of the novices were able to apply the RHR and 

determine that field lines for the wire were concentric circles.  Typical responses for the 

novices are shown in figure 4.2 [The two who produced incorrect answers seemed to be 

confusing the problem with electrostatics—this phenomenon is discussed later]. 

However, none of the novices could say with certainty anything about the field inside the 

wire or how the field strength should vary with distance, and none were able to recall or 

apply Ampere’s law.   

 

Figure 4.2 Novice representations of field lines for an infinitely long wire into the page. 
Most of the novices had a sense for the field lines in space, but could not reason about the 
field lines inside the wire. 

 55



On the whole, the responses of the novices suggests that their mental models for 

magnetic fields for these configurations are based on understanding the connection 

between sources and fields as given by the RHR, and a sketchy visual memory for what 

the field lines look like in space.   The complementary quantitative component, supplied 

by Ampere’s law appears to be missing. 

Expert-in-training responses to problems involving stationary magnetic fields 

Nine of the EITs were able to correctly sketch the field for a solenoid (the one 

who did not was stuck on the long solenoid approximation). On the whole, their sketches 

tended to be more fluid than those of the novices, as shown in figure 4.3  The 

performance of the EITs on the wire problem was mixed.  Six were able to apply 

Ampere’s law and correctly describe the fields both qualitatively and quantitatively.  The 

others responded at the level of the novices, that is, describing that the field would consist 

of concentric circles, but without a precise sense for how the strength of the field varied. 

 

Figure 4.3 EIT sketches of field lines from a solenoid (left) and a field strength plot for 
the field inside and outside a long thin wire (right). 

A wire with a square rather than circular cross section adds a layer of complexity 

to the problem in so much as part of the symmetry is lost so that Ampere’s law cannot 

applied as in the case of a round wire.  Of the six EITs who applied Ampere’s law, only 
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two understood that it could not be applied to obtain the exact shape of the field in the 

interior of the square wire. 

The responses of the EITs suggest two levels of mental models, determined 

largely by whether the respondents knew how to apply Ampere’s law.  Those who didn’t 

use Ampere’s law did only slightly better than the novices. (Two of the EITs claimed 

there would be no magnetic field inside the wire.)  On the other hand, those that applied 

Ampere’s law were able to determine what the field looked like inside and outside of 

wire, and provide quantitative descriptions of the field. 

Expert responses to problems involving stationary magnetic fields 

All of the Experts were able to sketch the field lines for the solenoid and to apply 

Ampere’s law to obtain the field inside and outside the round wire.  Of the Experts who 

were asked about the square wire (10 in all) five expressed unequivocally that Ampere’s 

law cannot be applied the in the same way it is applied to a round wire.  One claimed that 

the field lines would be perfectly circular up to the edge, and the remaining four provided 

answers that were inconclusive (largely because I had not learned to be more persistent in 

my follow-up questioning at that point). This pattern of responses suggests that in the 

mental models of the experts visual and mathematical aspects are closely integrated. 

4.2.2 Force and pressure on stationary, current-carrying conductors 

In three of the problems, respondents were asked to identify forces and pressures 

on stationary conductors.  In MS1, respondents were asked about an isolated long wire 

directed into the page (in setting up the problem I always indicated that the return path for 

the current was infinitely far away).  In MS2, the respondents were asked to identify the 

forces in a solenoid.  And in CF1 respondents were asked to identify the forces in a 

rectangular loop of current.   
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Three approaches emerged to solving these problems.  The most straightforward, 

but also the most limited, was to remember that parallel currents attract or, conversely, 

that two anti-parallel currents repel.  This approach is straightforward because it involves 

a simple mental image or heuristic, but it is limited because it is easy to forget how the 

forces are directed, as occurred in several cases. 

A more general approach, which is the approach taught in introductory classes, is 

to apply the right-hand rule for cross products to find the Lorentz force. (This right hand 

rule is different from the right hand rule described in section 4.2.1)  Thinking in these 

terms requires remembering the formula for the Lorentz force, (one form is FL=ILxB) 

and knowing how to find the cross product of current and magnetic field.  

A third approach, favored by the Experts, is to think in terms of magnetic 

pressure.  This amounts to visualizing the magnetic field lines as having tension (at their 

sources).  This approach follows directly from the first approach, however most students 

don’t realize this.    

Novice responses to problems involving force and pressure 

None of the novices were able to describe or apply the Lorentz force to any of the 

problems.  Two of the novices remembered correctly that parallel wires attract: 

Q: Are there forces caused by the magnetic field [in problem CF1]? 

N5: “There should be.  I remember B= …had to do with, electric field 
times…..current? no.  ExB?  ExB?” 

Q: Close.  Do you remember two wires [with current] and whether they attract or 
they repel each other? 

N5: “Yes, I do remember that. If the current is going say, they attract.” 

Q: So in this case would they attract or repel? 

N5: “In this case I think they would repel.  Yeah.” 



Q: Do you know if there’s a force or a pressure on the wire [in problem MS1]?  
Does the wire feel anything when the current is flowing through it? 

N2: “O.k. I’m trying to imagine, like instead of one big wire, it’s going to be a lot 
of small wires.  Like [an] infinite amount of wires.  And then similar to the 
solenoid it’s going to compress each other.”  

And two were able to identify the forces by thinking (visually) in terms of 

magnetic pressure.  One, by visualizing field lines in a state of compression in the interior 

of the circuit: 

Q: Do you have any 
idea what the force on 
those wires is? 

N2: “Oh, it’s going to 
oppose each other.” 

Q: How did you know 
that? 

N2: “Because if you 
look at this way, 
right?”  

Q:Yeah,  

N2: “So the magnetic field is going to be going out, going in, so it’s going to be.” 

Q: How did you know that they’re going to oppose each other? 

N2: “We can draw it out and we can see [produces end view of wires and fields 
on the right side of the page]….o.k. this is going to be very intuitive.  Because the 
magnetic lines here are being squished, so…they don’t want to be squished, so 
it’ll produce a force going outwards for these two.” 

The other novice visualized the tail feathers of the magnetic field lines pushing 

each other apart: 

N10: “My picture is telling me that they’re pushed apart…. I think of it as two 
south poles for magnets.  That’s what I think of it as.” 
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In summary, most of the novices seemed to have no productive mental model for 

thinking about forces in conductors beyond knowing there is an equation for it, but not 

being able to remember the equation.   

Expert-in-training responses to problems involving force and pressure 

Eight of the EITs were asked about forces on the conductors in problem CF1, the 

problem with the anti-parallel currents.  All stated that the conductors would be repelled.  

Over half produced the answer by inspection, some wrote down the formula for the 

Lorentz force and worked out the answer.  One stated that the problem was analogous to 

the bursting forces on a solenoid.  

On MS1, the problem with the single wire, however, only one EIT appeared to be 

familiar with the concept of magnetic pressure, and was able to answer by inspection 

Q: Do you know what magnetic pressure is, off the top of your head? What is 
formula for magnetic pressure? 

EIT 6: “B2/8π that’s magnetic energy, but you can translate that to magnetic 
pressure.” 

Two others, EITs 4 and 7, solved for the Lorentz force on tiny parallel current 

elements, one successfully, the other not so much so. 

EIT 4: “I would say, as far as I know there isn’t [pressure].  But I have a feeling 
that’s wrong. So let’s say, here’s our dI going into 
the page.  And this will induce magnetic field 
around it, and let’s call it dB, clockwise. So you 
are going to have moving charges, say here, dI2, 
and that would also be going into the page and so 
vxB would be in this case….would be pointing 
inward here, if you had a charge here, it would 
also be pointing sort of inward, and so I’m 
guessing that there would be some sort of pressure 
on the wire, and you could probably 
calculate….because over here you are going to have v going into the page but B is 
going up, so there is going to be some sort of pressure when you sum up all these 
forces from all these differential currents on the other differential currents, you 
probably get a pressure pointing inward, I would guess.” 
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EIT7: “I guess we can consider it from the currents.  Consider moving electrons.  
The electrons are moving this way.  So for the force it’s proportional to vxB for 
each electron.  So the magnetic field should be like that, something like that.  So 
there is a force.  Do you want to know the direction?” 

Q: Yes. 

EIT7: “There is a minus sign for electrons.   It [the force] should be here.” 

Q: [repeating his answer, based on faint arrows in sketch]  So it’s being pulled 
apart. 

Five others did not know, and two were not asked.  These results suggest that for 

the most part, the EITs understand and can apply the concept of the Lorentz force, but 

have not yet generalized the rules for forces on conductors to think in terms of magnetic 

pressure. 

Expert responses to problems involving force and pressure 

All of the Experts were asked about forces on the conductors in problem CF1; all 

stated by inspection that the conductors would be repelled.   

Five of the Experts were asked about magnetic pressure in the wire in problem 

MS1.  Four described it correctly and one became confused and claimed the wire was 

being blown apart. 

E9: “Yeah, there’s a pressure trying to blow it apart. From what I remember.  
From its own field….” 

Q: Trying to blow it apart hmmm.   

E9: “I guess I’m thinking of a solenoid.” 

Six of the experts were not asked about this problem. 

These problems raise an interesting question that I discuss in more detail later.  

Simply put: in many ways, the expert way of thinking is more straightforward, more 

direct, and less cognitively demanding than the way the beginning learners are taught and 

expected to think.  In this case, knowing that the magnetic field exerts pressure on 
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current-carrying conductors allows one to easily visualize the direction of forces without 

having to remember the formula for the Lorentz force and visualize the resultant vector 

cross product.  The response of N2, the novice from Singapore, suggests that introductory 

students can think in these terms.   

4.2.3 The concept of Inductance 

Inductance is a fundamental property in magnetism.  It has meaning in magneto-

statics (the set of problems we have discussed thus far, in which fields do not change in 

time) and in magneto-dynamics, that is, when fields are changing in time.  Viewed in 

static terms, induction is a proportionality constant between current and flux linked by the 

current.  When fields are changing with time, inductance is (also) the proportionality 

constant between the change in current and the voltage drop across the terminals of a 

conductor.    

Novice responses to L2.a: The definition of inductance 

L2 was the most directly focused question on inductance in the instrument.  In the 

first part of L2, I asked the respondents to explain self-inductance and provide as many 

definitions as they could.  None of the novices provided a mathematical description.  The 

responses were equally divided between two ideas about inductance.  One involved a 

functional description related to opposing, or slowing down, current, the other involved 

descriptions of how turns of wire can affect other turns (the concept of induction rather 

than inductance).  

Two novices said inductors oppose changes in current, for example:  

N5: “It’s just when you have an inductor, and current passes through it, it 
produces a current that’s opposite to it, that’s what I remember and that’s about it.  
It’s just supposed to oppose the change.”  

Two said inductors simply oppose current, for example: 
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N3: “What I remember about inductance is kind of like a coil, and what it does it 
just slows down the current.” 

Four explanations centered on the ability of coils or turns in a coil to affect each 

other.  For example:  

N4: “I remember some of it pretty well, at least conceptually well enough that the 
magnetic field in the solenoid can induce another field down here in the solenoid.  
It also affected capacitors by inducing a current I think.  What I’m remembering 
is that they had two solenoids chained together and this one would induce 
magnetic field in this one and then this one would do the same thing over here.” 

And two students said nothing substantial.  N7 guessed at the answer, and N8 

remembered some surface features related to circuit elements:   

N8: “Let’s see.  Inductors are…They’re small, they look like some of those funny 
little components that we played with in electronics.  Inductors, they look kind of 
like resistors, but they’re not.” 

Expert-in-Training responses to L2.a: The definition of inductance 

The pattern of responses for the experts-in-training was significantly more varied 

than for the novices.  Four respondents defined inductance explicitly as the 

proportionality constant between the back-EMF (electromotive force) produced by a 

changing current or magnetic field and the rate of change of that current:  

EIT 10: (second part of response) “Well it shows up most importantly in 
Faraday’s law and Lenz’s law.  And gives you the ratio between the induce EMF 
in the loop based on the rate of change of the current.” 

Three defined inductance less precisely and less concisely by relating the chain of 

events that is typically used when explaining Faraday’s law, but without noting that 

inductance was the proportionality constant:  

EIT 8: “It’s been a long time since I’ve done this.  So I know that if you have an 
inductor in a circuit, the coil goes through here and it’s basically a solenoid, and 
you end up producing a magnetic field.  And this magnetic field impedes the 
current somehow.  Changes how the current goes because it’s creating its own 
magnetic field.  And if it’s in an a.c. circuit, this magnetic field is changing as you 
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go, so it’s going to interact with the current.  That’s here.  But I don’t know the 
equation for it.” 

Two respondents offered the idea that inductance was related magnetic energy.    

EIT5: “I guess it’s energy that’s stored in the form of magnetic field in stationary 
currents.”  

Q: Can you write an equation for it?  

EIT5: “No.”  [laughter]. 

Two respondents defined inductance as the proportionality constant between flux 

and current. Although one seemed to imply that this only applied to situations in which 

flux was changing. 

EIT10: (first part of response) “…self-inductance is the amount of flux through an 
object as a proportion to the current that is flowing through it.” 

Expert responses to L2.a: The definition of inductance 

In contrast, all of the experts were able to provide one or more mathematically 

exact definitions for induction.  All of the experts were able to answer the question by 

inspection, that is, by providing immediate and concise answers.  For the first five 

experts, I asked for only one definition of inductance. For the last six, I asked for more 

than one (up to three).  The answers volunteered were in the order shown in table 4.2. 
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Table 4.2 Expert responses to the definition of inductance. 

Expert 1st response 2nd response 3rd response 
1  Flux per current n/a n/a 
2  E/[di/dt] n/a n/a 
3    E/[di/dt] (later implied Flux per 

current) 
n/a 

4   Flux per current n/a n/a 
5  Magnetic energy Flux per current n/a 
6   Flux per current Magnetic energy don’t know 
7  Magnetic energy Flux per current E/[di/dt] 
8  Flux per current Magnetic energy E/[di/dt] 
9  Flux per current E/[di/dt] Magnetic energy 
10  E/[di/dt] Magnetic energy don’t know 
11  Magnetic energy Flux per current E/[di/dt] 

 

Novice responses to L2.b: factors that affect inductance, L2.c: how to compute 
inductance 

The second part of L2 asked “How do these affect inductance: Size? Shape?  

Material Composition?” To answer this question requires a more complete mental model 

of self-inductance.  It helps to know a definition for self-inductance, rather than knowing 

the gist of the concept. And it helps to have connections to other aspects of E&M. 

Only five of the novices were asked this question and none of these could provide 

a complete or accurate answer.  Half-way through the novice interviews, I stopped asking 

this question because I did not want to demoralize the respondents with a hard question 

this early in the interview. Therefore, N4, and N7-N10 were all coded “didn’t ask; 

pointless to” based on their answers to part a, and other novice answers to part b.  All the 

novices who were asked this question responded based on fragmentary recollections.  

None were able to reason productively. All attempts to reason about this question 

contained incorrect assertions, crucial missing information.  However, two recalled that 

iron can affect inductance. The last part of this question, L2.c asked how one computes 
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inductance.  I asked this question to the first six Novices, and none could begin to 

answer.  I did not ask the last four Novices.    

Expert-in-Training responses to L2.b: factors that affect inductance, L2.c: how to 
compute inductance 

Four of the experts in training did well on this question: EIT 6, 9, and 10 

answered all thee parts of the question correctly; EIT 8 was not able to answer all three 

parts, nevertheless, he showed that he is thinking about inductance in terms of the ability 

to produce magnetic fields.  None of the other EITs provided answers that were complete 

and correct. 

Two common misconceptions regarding induction emerged in the responses of 

the others.  Four expressed the idea that inductance only makes sense if currents are 

changing1. 

EIT4: “So in the same way, the self-inductance is a proportionality constant 
between the magnetic field flux change through that loop and the resulting current 
change in that loop.” 

Six expressed the idea that inductance is not independent of current so that if a 

conductor were made more resistive, it would be less inductive by virtue of producing 

less field. 

EIT 9: “Different material is going to have different resistance so it’s probably 
going slow down the current which is going to change what the magnetic field is 
on the inside…..I know that probably if there’s more current, the inductance is 
going to be greater.  If the resistance is higher, the inductance is going to be 
lower.” 

Part c was not included in the version of the instrument presented to the first six 

Experts-in-training (EITs 1-6).  Of the remaining four, EITs 7, 8, and 9 were not able to 

answer.  Only EIT 10 produced a complete response. 

 
1 At a very deep level, one can argue this is true, but in this case it shows that the respondents are not 
seeing the whole picture. 
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EIT 10: “I would have to know what the current running through that conductor 
was and what the value of the fields are and then I would take a perpendicular 
surface across that loop and calculate the magnetic flux through that….I could 
integrate in space the magnetic energy density: B2/2µ0.” 

Expert responses to L2.b: factors that affect inductance, L2.c: how to compute 
inductance 

All of the Experts were able to provide answers that were complete and accurate 

to part b.  Part c was not included in the version of the instrument presented to the first 

five Experts (E 1-5).  Of the remaining six all were able to describe at least one way in 

which they would be able to compute inductance. 

Discussion 

Of the novices, eight out of 10 described correctly some aspect of inductance or 

what inductors do (all but N8 and N9). However, none provided accurate or complete 

definitions of inductance.  None attempted to write down equations.  None related 

inductance to magnetic energy.  And finally, most of the responses invoked descriptions 

of physical objects (that is concrete images) such as coils, resistors and motors.  Their 

mental models could be reduced to two simple ideas: variants on “something that wants 

to oppose current,” and variants of “like mutual inductance or Faraday’s law.” This 

model of inductance was not sufficient to allow the novices to reason about inductance, 

in part b of the question. 

Four EITs produced accurate definitions of inductance. The other six respondents 

produced reasonable explanations of inductance.  Faraday’s law was the most common 

framework for conceptualizing or as a starting point for reasoning about inductance. This 

appeared in some form or another in eight responses.  Two EITs conceptualized 

inductance in terms of magnetic energy, and two as a relationship between flux and 

current. Four of the EITs could answer how size, shape, and materials affect inductance; 

the other six expressed a more limited understanding.   
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Finally the expert mental models were more general and cognitively simpler than 

those of the other groups.  In this problem, 8 out of the 11 experts tended to think of 

inductance as the capacity to produce magnetic flux and magnetic energy (which are 

effectively equivalent in the expert view).  Only three volunteered as their first definition 

the proportionality constant between voltage and change in current, which represents a 

more limited definition, but also something more difficult to visualize (since time 

variation is involved). 

4.2.4  LRC: Time-varying problem in one dimension 

There was only one question on the test involving resonant circuits. The 

respondents were shown the schematic of a series LRC circuit that starts with an initially 

charged capacitor, and asked to describe and sketch what will happen when the switch is 

closed.  All of the experts and most of the EITs did well on this problem in that they 

recognized the system would produce some form of oscillation. Over half of the novices 

on the other hand could not describe the qualitative behavior of the system.  Instead, they 

either tried to derive the circuit equation or guess at the form of the solution.  Several 

expressed being stuck on whether to think in terms of current or voltage.  LRC circuits 

are easily explained in qualitative terms, (potential energy sloshes back and forth between 

the capacitor and the inductor, but in the process gets dissipated by the resistor).  This 

problem illustrates how the emphasis on quantitative solutions can interfere with taking a 

qualitative approach to understanding a problem. 

Novice responses to L1.a: LRC Circuit 

There were basically two types of responses from the novices to this question.  

Four knew or were able to reason out that this type of circuit would oscillate.  The other 

six relied on memory fragments and described solutions to first-order LR or RC systems. 



N1, N2 and N3 were able recreate their understanding of the problem, which I 

found quite impressive, while N7 appeared to know the answer by inspection. 

N1: “Let’s see.  I remember that There’s….capacitors and resistors and inductors, 
and there’s a relationship between…you 
can have a circuit with all three of those, or 
you can have just the capacitor and the 
inductor, and there’s like a cyclic 
relationship with the inductor and the 
capacitor…..If these weren’t there [the R 
and the L], then it would try to become 
equipotential.  But they are both resisting 
the current in the beginning when the 
switch is initially closed…..O.k. it’s going to start off zero, and it will eventually 
come to the maximum and then it will have to decay again. I don’t exactly how it 
does it.  I think it was a sinusoidal, so I would guess that it would be something 
like that.” 

 

All the other novices were not able to derive that the system had the potential for 

oscillations.  Most described memory fragments of LR or RC circuits without providing 

justification. 

N4: “I’m trying to picture the graph.  I think [sketches]…Uh huh.  I think it 
was a second order differential equation, wasn’t it?” [ironically, sketches 
the solution to a first order differential equation] 

 

Expert-in-training responses to L1.a: LRC Circuit 

The trend was reversed for the Experts in training.  All but three were able to 

either reason out or state the correct answer.   

Six of the EITs were able to solve the problem by inspection or simple reasoning. 

Some like EIT 3 and 4 reasoned in terms of energy: 
 

EIT 3: “It’s been a long time since I’ve done these, like two years.  I’m trying to 
remember what the differential equation was.  I think it was the same as a damped 
oscillator so I guess it would oscillate and eventually die out” [produces sketch]. 
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EIT 4: “So I remember that and LRC circuit will oscillate; it will be like a damped 
oscillation because it will lose power every time it goes through the resistor. And 
all the energy in this situation starts in the capacitor so it is stored in an electric 
field, but then once the current goes for a certain amount, it will all be stored in 
the inductor, which is a magnetic field, and then it will oscillate back and forth 
that way it will lose energy so current will get smaller with time.” 

EIT 10 reasoned in terms of charge: 

EIT 10: “The current will start out high…no the charge will start out….I’m 
thinking that if the capacitor is initially charged, then the current will start out 
high and it will decay.  So the charge will begin to decay, and look like that as it 
dissipates through the resistor.  And since the current is the time rate of change of 
the charge, then the current will also start out… This is q versus time, and this is I 
versus time.  And the slopes will be slightly different; this will be the time 
constant….Oh, this has a non-zero inductor.  In that case, instead of a pure decay, 
that will be the envelope of the decays, and it will oscillate up and down.  
Assuming it is underdamped.  There are different situations based on the values.” 

EITs 1, 5 and 8 were not able to reason productively about this problem.   

EIT1 attempts to solve the problem by considering only what is happening inside 

the inductor rather than looking at the entire system.  This is typical of how 

undergraduates tend to think about circuits when they are learning about batteries and 

bulbs.   

EIT1: “This is for the inductor.  So basically 
what is going to happen electric potential that  
he’s stored in here is going to come across here 
and it’s going to get stored in the magnetic field 
of the solenoid.  And so at some point, then we 
know as it goes in it’s going to start from up high 
and then eventually go down to nothing because 
then this is going to totally discharge and you 
won’t have anything. So something like that.” 

EIT 5 has all the facts in hand to get the right answer but second-guesses himself 

and decides that it won't oscillate. He is thinking in terms of energy but not very deeply. 

He is also trying to remember what he can about the solution to these types of circuits.  If 
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he had more confidence in his ability to reason qualitatively he would have gotten the 

correct answer, but he gives up too easily.  

EIT5: “So as soon as you close the switch there is going to be a big pulse….let’s 
see would it go up, because you’d want time or would it go down.  I guess it 
would go…it would start off really high…” 

Q: I’m not asking voltage, I’m asking current.   

EIT5: “Oh, right.” 

Q: So initially you start with the switch open. 

EIT5: “Yeah, o.k.  And so you have maximum 
voltage.  So current starts to flow and then 
gradually you build up energy in this inductor 
which would slow the current flow down, so 
I’m going to say that….time versus 
current….you would slow down, and then……I 
guess something like this because it gets 
dissipated. Don’t know if it would oscillate.  I 
don’t think it would oscillate in this case.  
Yeah, I don’t think so.” 

EIT 8: “So basically this [the capacitor] is a giant battery, when the switch is 
closed.   So current is going to go this way [up through the switch].  And it’s 
going to be the highest at the beginning.  And I know that if it was just a capacitor 
and a resistor….But I’m having a hard time seeing how the inductor is going to 
affect it.  I know it is going to create a magnetic field which is going to change the 
current somehow, but I can’t see how right now.” 

The interesting thing about these last three exchanges is that in all cases, the 

problem is at some point cast in terms of energy (not just how to solve for voltages and 

currents in a circuit).  I would have thought that having gotten to that point, it would be 

easier to think about the problem in terms of energy, but in fact all three students seem 

compelled to think in terms of voltages and currents and justify what they recall 

(incorrectly) to be the solution to this circuit.  In fact they are remembering the solution 

to LR or RC circuits and searching for a rationale for why these are the solutions to this 

problem. 
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Expert responses to L1.a: LRC Circuit 

All of the experts were able to produce correct and complete answers by 

inspection.  Only 6 made a slight mistake in representations (added a dc bias to the plot).  

E9 felt need to write down circuit equation, and then declared the solution to be 

oscillatory by analogy to solution to harmonic oscillator. 

4.2.5 Time-varying magnetic fields 

Two problems involved time-varying magnetic fields.  MS2 parts a.2 and .b, and 

problem L1. parts .c (d,e,).  In MS2.a.2 and MS2.b respondents were asked how a metal 

plate in proximity to a solenoid affects the magnetic field of the solenoid.  In the first part 

of the problem (MS2.a.2) the plate is made of copper, in the second part, the plate is 

perfectly conducting.  In asking the question, I always stated that the current in the 

solenoid is ramped up from zero to some constant value, then maintained at that value for 

a long time. This served to remind everyone that at some point in the past, the magnetic 

field at the plate had to have changed. 

This is a tricky problem because it is a technically a problem in magnetostatics, 

yet reasoning about the problem requires thinking about (mentally simulating) the time-

evolution of the fields at the plate when the current is changing (and shortly thereafter). 

The problem requires recognizing that induction is involved and being able to think about 

induction in non-mathematical way.  The problem is not beyond the abilities of the 

novice group since it does not involve any concepts or facts to which they have not been 

exposed. 

Novice responses to MS2 parts a.2 and .b: Interaction of a dipole field with conducting 
and perfectly conducting plate 

None of the novices were able to provide and justify the correct answers: that the 

field would be unaffected by the copper plate but excluded from the perfectly conducting 
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plate.  Four of the novices, recognized that the problem might involve induction, but were 

not able to follow through to reach firm conclusions.  However their initial intuitions 

(first associations or instinctive classifications) were basically correct. 

N7 reasoned correctly about eddy currents having to die out: 

N7: “O.k., This is a tricky problem.  I’m debating, since the coil has been for 
some length of time for all the eddy currents to do their thing, die out is what I’m 
guessing they would do.” 

However, he ultimately undermines his own reasoning in favor of his intuition 

that the plate necessarily had to do something to the field. 

Q: But the field is still going to be unsymmetrical because of the plate? 

N7: “Yeah, the field is not going to be symmetrical because of the plate.  So some 
of them are going to go through there, I guess.  Or do something.” 

N10, does not second guess himself, however, does not provide an explanation 

beyond stating “if the current is not moving, the plate is just there.”  In fact, he provides 

the same answer to the next part of the question, (plate is a perfect conductor) which 

suggests that he is not thinking in terms of eddy current or transient effects. 

N4: “I can’t remember if the plate there interacts with it or not, if the magnetic 
field causes…current to flow through that.  I’m not sure.” 

N5: “Hmmm. I don’t remember much at all, really.  It should attract it, somehow?  
Like produce a current in here.  That’s what it should do.  Now the direction of 
the current, I don’t think I can figure that out.” 

Six novices either flatly stated that they did not know how to begin to think about 

this problem, (that is, made statements or asked questions that were not relevant to the 

problem) or quickly gave up: 

N6: “I’m trying to think how [the copper plate] would affect it at all.  I’m 
assuming that there’s no conduction or anything like this in the plate.” 

When asked what would happen if the plate were a perfect conductor (MS2.b), 

eight of the novices provided answers that amount to either “don’t know” or wild 
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speculations unrelated to Faraday’s law.  The novices who had identified the possibility 

of eddy currents existing in the first part of the problem N4, N5, N7 and N10, provided 

answers that suggest they don’t understand the process or are not visualizing it correctly.  

N5 says correctly that a perfect conductor would still produce a current, but does not 

realize that it this case the current would exclude fields.  N7 provides an answer that is 

based on confusing electrostatics with magnetism (coded charged poles). 

N4: “I don’t [have any idea].  I’m trying to imagine the difference [between a 
good and perfect conductor]…Hmmm…I don’t know what the difference would 
be though.  I mean, maybe, the only thing I can think of would be a difference in 
the strength of the force, but I’m not sure.” 

N5: “No it wouldn’t. It’s still a conductor so it would produce a current.” 

N7: “If the plate is a perfect conductor, the electrons are free to move around and 
so, they’re going to line up and so it’s going to be like it didn’t exist, I think.  
Something like that.” 

N10: “That makes no difference.” 

The best that can be said about the novice responses is that four recognized a 

possible connection to Faraday’s law.  Otherwise none of them knew how to begin to 

think about this problem.  N1’s response sums up the Novice thinking on this problem: “I 

don’t think we ever did anything with conducting plates near solenoids.”  The responses 

to the second part of the problem suggest that novice mental models of induction do not 

include electrical conductivity as a variable. 

Expert-in-Training responses to MS2 parts a.2 and .b: Interaction of a dipole field with 
conducting and perfectly conducting plate 

Six of the EITs did not know how to answer the first part of the problem.  The 

other four (EITs 1, 5, 6, and 10) were able to reason out the correct answer, that at long 

times the copper plate does not affect the field of the solenoid. 

Q: It’s a direct current and it has been on for a very long time. 



EIT 1: “So I don’t know.  I don’t think this plate is doing much.” 

Q: That’s right.  Why do you think that? 

EIT 1: “Well, if the current is not moving, the plate is just there.” 

EIT 5: “I don’t think copper is going to affect the field lines.  I don’t see why it 
would.  Let’s see, as a conductor, well I guess you would induce mirror currents 
there.” 

Q: But I’ve said it’s been on for a long, long time. 

EIT 5: “O.k., yeah, I think it’s still going to be the same.” [meaning plate would 
not affect solenoid] 

EIT 6: “It should go across the copper with no problem.  It shouldn’t bend the 
line.” 

EIT 10: “Let’s see.  At the magnetic field boundary.  O.k., there won’t be any 
image, so it’ll just be like in free space.” 

Q: And why won’t there be any image? 

EIT 10: “Because there are no induction currents induced in the plate.  As long as 
this current is steady and constant.  And the field will penetrate.” 

Of those four, two (EITs 5, and 6) were able to extend their reasoning to describe 

and justify the effect of a perfectly conducting plate. 

EIT 5: “How would that affect? Well, I’m just trying to think what would be 
happening, like why it would make any difference if it was perfect conductor or 
not.  Because for the first 
one I already said that it 
wouldn’t make any 
difference, so it shouldn’t 
make any difference in that 
case.  But…I mean having a 
conductor there, the only 
thing it could do is set up 
mirror currents. So if you 
have a current going one 
way nearby, it 
could…..basically the field being there could induce a current going the other 
direction.  If it’s steady…..yeah, this shouldn’t be inducing anything if it’s 
steady.” 
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Q: Well, at some point you had to turn it on, though. So…you’re on the right 
track.  

EIT 5: “So then why….Oh, yeah, if it’s a perfect conductor those mirror currents 
are never going to be dissipated.” 

 

EIT 6: “So with a perfect conductor, if you turn it on right away what is going to 
happen is it won’t let the field expand there, it will completely block it.  And then 
it will relax because it’s a 
static case.  So when it’s 
static, the charges are not 
going to move anymore, 
so the field most probably 
is going to diffuse in 
there, but I guess that is if 
there is resistivity.  And 
this is perfect conductor 
so…I’m not quite sure 
what is going to happen 
later in time.  But at the beginning what I think is the magnetic field shouldn’t be 
inside at all.  So the fields would look like that” [redraws them to be more 
rounded out as they approach the plate]. 

EITs 1 and 10 were unable to extend their reasoning to describe and justify the 
effect of a perfectly conducting plate. 

EIT 1: “I guess I’d have to ask what does it mean to be a superconductor first of 
all.” 

Q: It has zero electrical resistance. 

EIT 1: “I guess it wouldn’t really change anything.  We’re talking about a steady 
solenoid.” 

EIT 10: “If the plate is a perfect conductor, the magnetic field will not be changed 
at all, as if it were free space.  Are you saying the magnetic permeability is? 

Q: The conductivity is infinite. O.k. so it’s the same answer as this [part a]? 

EIT 10: “Yes.” 
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Expert responses to MS2 parts a.2 and .b: Interaction of a dipole field with conducting 
and perfectly conducting plate 

All of the experts were able to provide correct responses and justifications to both 

parts of the problem. 

4.2.6 Magnetic fields in motion 

Novice responses to ECB1: Magnet dropped into conducting tube 

In this problem I asked students to explain a demonstration on eddy-current drag 

that is frequently used in introductory classes.  In the demonstration, the professor drops a 

permanent magnet through a conducting tube.  The rate at which the magnet drops is 

significantly slower than if the magnet were in free-fall.  Because this is actually a quite 

complicated problem (even qualitatively), I began by asking the novices what would 

happen if I brought the magnet up to the mouth of the tube and then stopped the magnet 

immediately before dropping the magnet into the tube. 

Six of the novices gave one of three different answers to the question.  N4 and N7 

said (correctly) that the inducted current would dissipate, but not instantaneously.  

N7: “The current in the copper tube is going to have its own magnetic field so I 
don’t think it’s going to die off right away.” 

N3 said the induced current will fight forever. 

N3: “If you stop moving it….I think it [induced current] will keep going but it 
will stay the same magnitude.” 

N1, N2, and N10 said the induced current stops as soon as the motion stops. 

N2: “Hoooo. I would think so. Yes, because the source of the current is the fact 
that you are moving the magnet.  So that’s where the current comes from.  So 
once you’re not moving, I would assume that instantaneously the current will 
drop to zero.” 

The other novices said they did not know what would happen. 
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The next part of the question asks to explain what happens when the magnet is in 

the tube. N2 was the only novice who could visualize the circulating current (see figure 

4.4): 

N2: “Well we learned that this tube is going to want to resist this magnet, so the 
way we were taught is that magnet like poles repel, so this end is going to be the 
south pole, and this end is going to be the north pole.  And, then the north pole, if 
you draw it this way….so if you view it from the top, the south pole is going to 
be, you know-because S is like this-is going to be clockwise.  And the north end is 
going to be anticlockwise.” 

Q: O.k. so what will the current look like? 

N2: “The current is going to look like this. Viewed from the top it’s going to be  
clockwise.” 

Novices 1,3,4 and 7 could not visualize the induced currents but knew that these 

would be present and would slow down magnet: 

N3: “So the copper tube is going to want to induce a magnetic field opposite to 
that so something like this….I know it’s going to want to induce it opposite and 
the current will flow in such a way that it creates a magnetic field opposite to the 
bar magnet, but since it’s a tube, I’m not really quite sure how the current will 
flow inside the tube.” 

Novices 6, 9, 10 provided incorrect explanations based on polarization of electric 

charges (the so-called “charged poles” misconception, Maloney 1995), and Novice 8 was 

in general not sure about this problem  

N6: “There will be some displacement of electrons based upon the polarity of the 
magnet.   Depending on which side we want to take as the one that’s entering the 
tube first, it will either be attracted or unattracted, as with any two magnets that 
you try and put together that don’t have the poles aligned correctly.”  

 

 



a)     b)      c)     d)  

Figure 4.4 Novice responses to the magnet-in-tube problem.  
a) N2 found the direction of the induced current based on a mnemonic for bar magnets. b)  
N3 was able to sketch the induced fields, but not the induced currents, which he 
represents incorrectly as tiny circles. d) Sketch by N6, which shows the “charged poles” 
misconception, whereby magnets polarize charges in conductors. 

The last two questions asked how changing the resistivity or the thickness of the 

tube would affect the rate at which the magnet drops.  The rate at which the magnet drops 

is governed in part by the resistance of the tube.  Since resistivity and thickness both 

affect resistance, the questions are related at the conceptual level.  The interesting thing, 

however, is that reasoning about the effect of resistivity is easier than reasoning about 

thickness, as the later requires visualization. 

Six of the novices (N1-4, N7 and N10) were able to reason productively about the 

effect of increasing resistance: 

N1: “Then the moving of the magnet would induce less current.  And there’s less 
current so the magnetic field that gets created in the tube will be less and so there 
will be less force.” 

Of these, only N7 was able to reason correctly about the effect of the thickness of 

the tube, and furthermore displayed an understanding that there is a length-scale for 

current diffusion that is relevant to this problem. 
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N7: “I think if it were really thick, solid, there would still be….I think once the 
thickness is greater than the conduction depth, or I don’t know what to call it, then 
it doesn’t matter.”   

The others became tripped up by making unwarranted assumptions.  For example, 

N2 assumed that a thicker tube would produce less current; N4 could not remember the 

relationship between resistance, area and resistivity.  (There is a simple formula for this, 

but it can also be reasoned out qualitatively with the correct mental picture)  

N2: “I can postulate.  I’m going to assume that…because if this metal tube is 
bigger, the current induced is going to be smaller because I view current as 
charges moving, so if this is thinner-lets’ say it causes a total current of one Amp, 
let’s say-and it’s a thickness of say 1 mm-and that current is going to be so much, 
but if the thickness is larger, then the total current is going to be slower.  The 
current, the electrons are going to go slower.  And so the current is going to 
drop.” 

N4: “I don’t know.  I…I guess it would slow it down because increasing the area 
would increase the resistivity, or increase the resistance.  I’m trying to remember 
the resistivity formula.  And I want to say that the cross sectional area has 
something to do with that.” 

Expert-in-training responses to ECB1: Magnet dropped into conducting tube 

The EIT responses (see Figures 4.5 and 4.6) were evenly distributed across a 

range of understanding.  Two of the EITs (EIT 9 and 10) were able to draw all fields and 

currents: 

EIT 9: “So we’ve got basically the magnetic field is decreasing up here and 
decreasing down here…so it’s probably easier to think of this in terms of loops, 
and the flux going through them will be increasing on the bottom and decreasing 
on the top.  And they’ll be inducing a current, in this case that way, is that right?  
This [bottom part of solenoidal field] induces a current that way.” 

Q: Clockwise as seen from the top, yeah. 

EIT 9: “A current to fight the magnetic field that’s going…And on the top it’ll be 
doing the same thing but in the opposite direction.  The field will be decreasing 
and it will be trying to keep it going so it’ll be going the other way.” 



EIT 10: “Well, right now I’m just drawing the field due to the magnet, assuming 
that everything is stationary.  If then I’m assuming now that it’s moving, then 
what’s going to happen is you are going to have currents induced in each of these 
and since this flux is up and decreasing, we need to induce a additional upward 
flux, so we’re going to have a current that flows this way through the loop.  And 
here since it’s up and increasing, we’re going to have downward, so it’s going to 
induce a current that way.  And then the actual magnetic field will look like a 
superposition of the field from the magnet and then from these loops here.” 

                  

Figure 4.5 EIT 9 and 10 sketches for  the magnet-in-tube problem.  
Both of these students were able visualize all the currents and fields in this problem. 

Four of the EITs (EIT 2, 3, 5 and 6) did not realize that there were two induced 

currents, but nevertheless sketched most of what is going on. EIT 2 and 3 provided less 

accurate depictions of the process, showing the magnetic fields linking the entire length 

of the tube.  

Q: “How far do these field lines go out in space?” 

EIT 2: “To infinity, although to a decreasing degree….So the arrows are going 
this way.  I know these aren’t really straight but.  So these field lines are going 
this way and by this way I mean out of the tube they are going up out of the how 
and then coming back down along the length of it.  I think.  That’s the only way I 
can see it actually approaching it, so I’m sort of doing it backwards.” 

Q: …and would these field lines go all the way to the bottom of the tube? 
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EIT 3: “Yes because they always have to form a closed loop.” 



 

     

Figure 4.6 EIT 5, 2, and 3 sketches for the magnet-in-tube problem.  
From left to right EIT 5 does not show the field lines penetrating the copper tube. EITs 2 
and 3 incorrectly show the field lines linking the entire tube. 

EIT 8 correctly described the process in somewhat unspecific terms. And EIT 1 

did realize that this was an induction problem as opposed to a ferromagnetism problem.  

EIT 8: “Because as you drop it each little piece of this tube is seeing a changing 
magnetic field as it comes and goes.  And each time it sees that magnetic field it 
fears change, it wants to resist the change, there’s an induced EMF whose own 
magnetic field opposes the change, and so it makes it slow down.” 

Six of the EITs (EITs 1, 5, 6, 8, 9 10) were asked how resistivity affects the rate at 

which the magnet drops; all six responded correctly. However none could reason about 

the limiting case of perfect resistivity. 

EIT 6: “The more conductive it is, the more it can expel the magnetic field and it 
won’t let the magnet drop as fast.  So it will stop it more if it is more conductive.   
If it’s less conductive, it will let it go through. And if you don’t have a conductor 
at all it will just go whoosh.”  

EIT 10: “The electrical conductivity, which is related to the resistivity inversely?  
If it is a better conductor, then the magnet will fall slower because the, what’s 
really being induced by the falling thing is an EMF or a voltage.  And since the 
current that is then induced is related to resistance, as the resistance goes up, the 
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current goes down, that is induced….If it’s extremely resistive, then the magnet 
will drop as if it weren’t even there.  If it were plastic, a perfect insulator, it 
wouldn’t even care about the tube.” 

Of those, four (5, 6, 8, and 9) reasoned clearly about what effect a thicker tube 

would have.  EIT 6 seemed to be aware of the effects of skin depth.  The others stated 

that making the tube thicker would show diminishing returns, but it is not clear if their 

reasoning had to do with limits on current diffusion, or because they reasoned that fields 

drop off with distance.  EIT 10 provided an incorrect answer despite providing the most 

complete answers to the related question on the effect of resistivity.  

EIT 6: “The thicker it is, the less resistive the tube is, which means that you can 
drive more current, which means that it will be able to stop better, I think that??.” 

Q: Now if I make the tube go to infinity, will it stop the magnet? 

EIT 6: “I don’t think so.  No, because you still have resistance there.  There is 
going to be a skin depth where this current is going to be. Above that skin depth it 
is not going to be good.  When I say the thickness, we’re talking about small 
thickness.  You can make it a little bit bigger, but not that big.” 

Q: O.k. but let’s say I make the tube a mile thick, does going from one mile to 
two miles thick make a difference? 

EIT 8: “No, because those guys out there don’t care, they’re not going to see it 
anyway.  There’s going to be a limit, because really only a certain amount is 
going to see it.” 

Q: So if you have a tube that’s one mile thick, and then I go to two miles thick 
would I notice a difference? 

EIT9: “Definitely not.  For a moderate sized magnet, the magnetic fields get 
really, really small quickly.” 

EIT 10: “The thickness of the tube does not affect the rate at which it falls.” 

Q: What’s your reasoning? 

EIT 10: “My reasoning is that it really is only the flux, the total flux through the 
opening, basically, so.” 



Expert responses to ECB1: Magnet dropped into conducting tube 

For most of the other problems, the expert responses were correct, concise, and 

mostly by inspection, in other words, not very interesting.  For this problem, however, the 

expert responses were quite interesting.  Two of the experts, E1 and E11, realized that 

there would be two sets of induced currents (see Figure 4.7).  Both gave detailed answers 

in terms of the image fields that would be created, and could reason about other aspects 

of the problem including the limiting case of perfect resistivity.  

  

Figure 4.7 Expert representations of the magnet-in-tube problem in terms of image fields 
and currents.  

E1 “: …the magnetic fields are going through the diameter like this.  And they are 
getting bent away from the wall, so that they aren’t penetrating the wall while it’s 
moving.  Some of them are going this way, some are going out in the direction I 
can’t draw here around the….but in order to bend away and not penetrate the 
copper wall there has to be current induced in the surface of the copper.”   

Q: Is it possible to solve this problem without having to visualize the eddy 
currents?  You know that it’s going to slow it down. 

E1: “But the eddy currents are what slow it down.” 

Q: But do you have to visualize the eddy currents to…. 
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E1: “I don’t have to because I know it’s going to slow down.” 

Q: But if I asked you why? To explain it to somebody…. 

E1: “I don’t know of any way to do it without including the eddy currents.  It is 
the JxB force between those eddy currents and the magnetic field which is 
causing it to slow down.  Now, I can make an argument, that by images, which is 
always tricky in magnetic field problems, there are some other magnets, image 
magnets out here that are attracted to this magnet, and that when you drop 
something in here, because of the finite resistivity these image magnets are 
actually sitting back slightly from the plane of this thing, and their attraction to 
this magnet is what’s slowing it down.  That is a much less physical explanation 
for why it’s slowing down than the eddy currents in the wall….The force is 
clearly proportional to velocity that it’s moving.  Because this is like a viscous 
effect, and so the faster it’s going the larger the force on it….” 

Q: It’s monotonic? 

E1: “No, actually it’s not.  We were talking about this before.  Force versus 
velocity, it’s monotonic at first, then it slowly levels off and then actually falls 
back down, so that a infinite speed the force has vanished. Because eventually the 
skin depth becomes so shallow that it doesn’t couple.  Or to look at it another 
way. If you want to look at it as an image type thing, the distance back that these 
image magnets have drifted depends on how deeply the fields have diffused in.  
And if a high velocity these images turn out to be exactly here, so that the force 
disappears.” 

E 11: “This is extremely interesting.  That image current-I’m going to call the 
current that was induced, when it starts to move, every…if you slice the tube, if 
you make horizontal slices through the tube, so it’s a bunch of stacked rings, 
nothing will change.  Because the currents are flowing azimuthally, so you can 
slice this tube up into slice of thickness delta x, or dx, and as the magnet moves 
through the tube, each ring has to be penetrated in turn.  This diffusion process 
that we talked about when we suddenly bring the magnet up to the top, that 
reoccurs for every ring in the tube.  And as it moves through the tube, the image 
currents in front of the moving magnet are trying to oppose the motion by Lenz’s 
law, and so they are pushing it upward, but for the rings that magnet has just left, 
there is still some circulating current there, but the field lines have penetrated this 
ring, even though the magnet is half a diameter on down tube.  The field lines still 
are still penetrated into that copper and there is still some flux going through that 
copper because you spend some milliseconds getting it in there in the first place 
and it’s going to take milliseconds to get out. So the current will reverse in the 
rings behind the projectile, the current is in the same sense as the equivalent 
surface current on the magnet, and therefore it’s a parallel current and it will have 
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an attractive force which is also upward.  So the motion is retarded both by 
repulsion from below and by attraction from above.” 

The other experts who were asked this question (Experts 2, 4, 6, 7, 8, 9 and 10) 

did not realize that there were two induced currents. Experts 2, 4, and 7 were able to 

reason productively about the effects of resistivity, thickness, and limiting case of infinite 

resistance. 

Q: What if this were a perfect conductor? 

E2: “It’s hard to get it in there.  Once it’s in there it’s not going to do anything. 
It’s going to fall with g [the acceleration of gravity].” 

Q: What would happen if the copper tube were a perfect conductor?  

E4: “There would be squashing of the field, there would be no force because the 
field can’t penetrate at all.” 

Interestingly, the three experts who had the greatest difficulty with this problem 

were those who frequently approached problems mathematically rather than visually.  E6 

and E9 momentarily considered that the copper tube would want to suck in the projectile.   

E6: “It will tend to suck in?  If you have magnetic flux in the opposite direction, 
that should be sucked in….no it should be pushed out.  It should be pushed out.” 

Q: So you’ve got the force of gravity that wants to pull this guy down and you’ve 
got that other flux.  So what is the motion of this going to be? 

E6: “The motion will be that it pushes it out.  It will prevent it from moving in.” 

Q: What happens as I bring it up to the mouth of the tube? 

E6:  “[long pause] let’s see…it’s opposing it.  So it’s actually attracting it I think 
in that case because you have, I mean it’s creating a current distribution in here 
from the changing flux that’s opposite to that.  So I expect as you get closer you’ll 
have like a north pole here that’s attracting the south pole.” 

Q: So I’m actually attracting it as I’m bringing it closer? 

E 9: “[garbled] my previous argument, that it was.” 

Q: O.k. So first it attracts it, and then it stops attracting it and slows it down? 
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E 9: “Yes.” 

Q: And what causes that attraction to die down? Just me moving it into the tube? 

E 9: “Let’s see….it seems like the current pattern would change as it enters, so the 
polarity would change.” 

Q: Can you visualize what the currents would look like? 

 E9:“I’m imagining sort of a circulating patterns.  A circumferential sort of 
pattern.” 

Q: What about conceptually? Are you generating mental pictures that help you 
with this, or would you rather be looking at this mathematically? 

E9: “Look at it mathematically, given the choice.” 

And E8 assumes an incorrect boundary condition at the interior wall, which 

interferes with his ability to reason productively about the effect of thickness. 

Q: So will it fall faster for a thin tube or a thick tube? 

E8: “For a thick tube.” 

Q: Why do you say that? 

E8: “Because it’s  [B] zero at a larger distance so the gradient will be smaller.  So 
what I’m thinking is, let’s say here it’s zero, and you apply a field [to the inner 
surface] like this, if you have a thin tube…no I think thin will…hmmm, that’s 
counter to my initial reaction would be thick tube would give you more force, but 
this argument tells me thin tube, which has a higher gradient.” 

Q: So what about the limit where the tube is one atom thin? 

E8: “One atom thin?  But then that will diffuse out, this line [B vs. r] will become 
a straight line.  The idea is once it becomes a straight line there is no…there’s 
uniform current.  Hmmmm, so it’s a time dependent problem. Hmmm.  So is it 
possible that the force will be more but it will drop faster with time for a thin tube, 
but for a thick tube, it’ll be small and it will fall slower with time?  Is it possible?” 

Novice responses to EC2: Conductor moving through uniform magnetic field. 

Problem EC2 is another problem that provided insights into how eddy currents 

and induced fields are visualized.  This problem is like the problem of the magnet falling 



through the tube, except that visualization is more difficult since this is a three-

dimensional problem whereas the magnet-in-tube is a two-dimensional problem.  The 

patterns of response for the three groups, however, were similar to those for the previous 

problem. 

Four novices (N1-N3, N10) realized that that this problem involved Faraday’s law 

of induction.  Of these, N2 and N10 could visualize the eddy currents, and of these only 

N2, the novice from Singapore, was able to visualize the resultant fields (figure 4.8).  

Only three of the novices said the plate would slow down. Five said the plate would get 

deflected.  Three said that charges would polarize at the sides of the plates.  These results 

are discussed in more detail in section 4.3 in the context of visualization of fields.  

  

Figure 4.8 Novice responses for a conductor moving thorough a uniform magnetic field. 
The sketch on the left shows the plate getting deflected.  The student assumed the plate 
would behave like an electron being shot through a uniform magnetic field.  The sketch 
on the right shows an expert-like way of depicting field lines.  The resulting field lines 
are bent and pushing back against the plate, which is approximated in this sketch as the 
cross section of a solenoid. 

Expert-in-training responses to EC2:Conductor moving through uniform magnetic 
field. 

The Experts-in-Training did slightly better.  Seven (out of nine who were asked) 

recognized that the problem involved induction. Of these, five (EITs 3, 5, 6, 8, and 10) 
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were able to sketch the eddy currents (Figure 4.9).  Two (EITs 8 and 10) could describe 

the resultant field. EIT 10 could also explain the retarding force. 

 
Q: Do you have a mental image that involves field lines bending? 
 
EIT 10: “I know that I can picture it that way.  I tend to think of it in terms of the 
existing magnetic field and the induced current, that they interact to produce a 
force.  There will be some field line exclusion…The current placed perpendicular 
to the magnetic field is going to produce a force that is perpendicular to both the 
current and the magnetic field, and since in this drawing the current is upward and 
the magnetic field is down into the page the force has to be against the velocity.” 

   

Figure 4.9 Typical EIT sketches of eddy current as a conductor enters a uniform field.  
About half of the EITs could sketch the inducted currents for this problem.  Only two 
could sketch the resulting magnetic field.   

Expert responses to EC2: Conductor moving through uniform magnetic field. 

Comparing the responses of the experts to the other groups is made difficult by 

the fact that I was not focused on establishing the limits of their ability to visualize on 

this problem when I was interviewing them.  So about half of the experts provided 

accurate and complete answers without elaborating on how they were visualizing the 

problem.  For example E3 produced the following concise answer: 

 
E3: “This looks like a question about induced eddy currents.  So I would say that 
as this solid conductor moves into the field-I guess this is indicating a boundary 
between a field and a field-free region-so as this is penetrating the boundary there 
would be a strong change in flux and therefore a strong eddy current that would 
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retard the motion.  And then assuming it doesn’t stop completely, it would glide 
through the field region while it is immersed in it because there is no change in 
the flux. And the when it emerges from the other end, again there would be an 
oppositely directed eddy current which would result in another increment of 
retarding force which would slow it down further.  So it would be like there 
would be a braking action as it was moving into the field region and another one 
as it was moving out.  And a constant velocity in between.” 
 

Others responses, however, provided more insight into the kind of mental models 

that were being used.  E1 describes and sketches field lines bending around the 

conductors (seen on end in the left panel of figure 4.10).    
 
 E1: “Well the field lines don’t have to convect through here.  If the slots go like 
this and end here, the magnetic field will go around and come into those slots.  It 
[the magnetic field] can move at the speed of light and go anywhere it wants to.” 

  

Figure 4.10 Expert depictions of field lines being bent around a conducting plate.  

E7 Describes an analogy between field line drag as the plate enter the magnetic 

field and viscous drag, but in the end cautions that this analogy fails to describe the 

situation once the plate is in the uniform field region.   

E7: “As the conductor moves in, the field lines kind of bend, and as they bend 
around it, if you can visualize fluid flow, it kind of tends to push the thing back 
outwards, due to the drag force.  Once it gets inside, you can visualize the field 
lines going around the object and that basically says gee, there’s as much force 
pushing as pulling the object.  But if you carry the fluid analogy too far you can 
say there’s all this drag around the object that I experience from when I’m 
dragging my hand through water.  That doesn’t happen.” 

Ironically, E10 also uses the viscous drag analogy to reason about this problem, 

but applies it to the uniform field region as well, and concludes incorrectly that the 
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conducting plate will be continuously slowing down.  This is an example of how thinking 

in terms of field lines can be misleading, even for experts. 

E10: “This is very much like a viscous dissipation.  In other words the field 
lines….because the dissipation is occurring in here, and through the current 
dissipating, so this is where the generated current 
is going to [dissipate].  For example, when this 
thing has gone through, here, the field has a 
memory of it having gone through, because it 
has taken some energy from this fellow and 
affected the field now.  And it will take a certain 
time for the field to regain that status, original 
status.  So therefore this field line when it goes 
through, and it comes back out, it’s going to 
have some distortion left behind it always, which you can think of as the field of 
these currents.  So there is dissipation going on here.  And the whole 
motion…because the force on this fellow looks very much like, -k [sic] times v, 
so this looks very much like [a] frictional force.” 

 

4.3 RESULTS ON THINKING ABOUT MAGNETISM 

This section describes patterns of thinking that emerged while analyzing the 

responses.  The section starts with patterns more typical of the novices and progresses to 

the patterns that were most frequently attributed to the experts.  The subheadings 

correspond to categories of mental models that emerged.  I discuss the basis for these 

categories in the Chapter 5. 

4.3.1 Patterns associated with “no mental models” 

All of the novices at some point could not begin to answer the questions and 

would answer with “I don’t know,” “I don’t remember,” “I’m guessing.”  I typically took 

this as a cue to move on to another problem.  These answers were not very telling beyond 

letting me know the point at which I had reached the limits of their understanding or 

ability to think about the problems.  Occasionally, how the answers were worded 
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produced some insights into how the novices were classifying problems, (typically by 

surface features), or what mental images they were invoking. 

Q:  What about if the plate is made out of iron? 

N1: “No, I don’t know anything about the plates.” 

Q: What do the magnetic field lines look like if the plate is a plate is a perfect 
conductor?  

N4: “I don’t [have any idea].  I’m trying to imagine the difference [between a 
good and perfect conductor]…Hmmm…I don’t know what the difference would 
be though.  I mean, maybe, the only thing I can think of would be a difference in 
the strength of the force, but I’m not sure.” 

4.3.2 Patterns associated with “fragmentary mental models” 

The majority of the novice responses began with (and sometimes never 

progressed beyond) describing fragments of information they thought might be relevant 

to the problem. The responses typically involved a series of statements that served to jog 

their memory and collect enough relevant information to start answering.   

I consider the recall of memory fragments and the process of free-association a 

form of reasoning, since it involves calling up to mind facts and assessing the extent to 

which these are relevant or sufficient for solving the problem.   
 

N1: “Let’s see.  I remember that 
there’s….capacitors and resistors and inductors, 
and there’s a relationship between…you can 
have a circuit with all three of those, or you can 
have just the capacitor and the inductor, and 
there’s like a cyclic relationship with the 
inductor and the capacitor.…I think it was a 
sinusoidal, so I would guess that it would be 
something like that.” 

Thinking mostly on the basis of memory fragments, however is so hit-or-miss that 

it was usually unproductive, even on the simplest problems.  In some cases, a crucial 
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piece of information would be incorrect or missing, like not remembering whether 

parallel currents attract or repel. Alternatively, because fragmentary information is not 

organized in a way that is useful, respondents thinking in terms of fragments would often 

have to decide between competing interpretations. 

Several patterns emerged about the memory fragments:  

• They seemed to be mostly visual and episodic.   

• As such, the most frequently encountered memory fragments were 

recollections of demonstrations and labs.  

• Next most common were pictures remembered from textbooks or 

solutions to problems.   

• Memory fragments for equations tended to focus on the surface features of 

equations rather than on the meaning of the equations, and as such were 

rarely useful. 

• Memory fragments for concepts were incomplete and often-times partially 

wrong. 

Memory fragments of Demonstrations and Labs: 

N1: “Yeah.  I remember if you put a rod in the solenoid, then it changes, ahm…., 
I don’t exactly know.  I remember the demonstration.” 

N1: “I remember that he put some metal, but I don’t remember which one it was.  
So it’s not really helping me now to think about that.  And I don’t really know 
how to think about it to try to figure it out either.” 

N4: “I’m thinking of a demonstration that we had now, with a, like the coil and 
the tube, where the current is turned on and it just shoots right out.  And I seem to 
remember a demonstration where he tried to hold onto it as long as he could, and 
he couldn’t hold onto it for very long.  Eventually it had to go, or the force I guess 
is constant.” 

N8: “Let’s see.  Inductors are…They’re small, they look like some of those funny 
little components that we played with in electronics.  Inductors, they look kind of 
like resistors, but they’re not.” 
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Memory fragments of text-book illustrations and problems: 

N1: It reminds me of the problems where we had the conducting rod on a rail, and 
so as they move, it would induce a current which would cause a magnetic field 
and then it would change the velocity of the conducting rod that was attached on 
the rails.  So if the magnetic field, top view, is going into the page, hmmmm.  The 
side view, I have these three pieces here… 

Q: do you remember anything about electrons being shot into magnetic fields? 

N6: “Oh, yeah.  Electrons being shot through.  I remember doing equations where 
it would either go down or up, and they you have to fiddle with the magnetic field 
until you could get it through some sort of specific point.” 

Memory fragments of equations 

N3: “There were equations relating inductance to voltage, and from what I 
remember, it’s like they were a bunch of derivatives, triple or double derivates, or 
single derivative and a regular, and they all add up to be voltage or current, one of 
the two.” 

N5: “It has to do with the density.  I know it doesn’t depend on the shape. It just 
depends on the charge density.  So it’s like flux equals…..B2pi or something.  I 
know we only did it for spheres.  We never did it for a cube or anything.  But I 
imagine it has something to do with surface.  There’s a surface area term in 
there.” 

N4: “But there’s an equation, and I’m trying to picture it…” 

Q: so you picture equations or do you remember what they sound like, like a 
rhyme. 

N4: "Normally if I use them all the time, they just come to me, they’re just there.  
But if I haven’t used it in a while, I try to picture it, either just floating around out 
there, or where I may have used it before….” 

Memory fragments for concepts: 

N3: “Well, since it’s [wedge of iron] magnetic I’d assume it would just be 
attracted to the middle or something and then maybe attracted to the [copper] 
coils and maybe short them out or something.” 

N3: “What I remember about inductance is kind of like a coil, and what it does it 
just slows down the current.” 
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4.3.3 Patterns associated with “basic mental models” 

Many responses provided by the novices and EITs involved what I call “Basic 

Mental Models.”  Basic mental models contain enough information to answer simple, 

text-book-like questions, but not enough to reason about more complex versions of a 

problem.  The following inter-related ways of thinking are features of basic mental 

models:  

• The use of a single representation, equation, or heuristic   

• Limited use of images to reason things out 

• Disconnected visual and mathematical representations 

• The tendency to over generalize. 

Most of the Novices and about half of the EITs at some point or another answered 

problems based on reasoning that used a single representation, equation or heuristic.  

Rather than cite specific examples, I cite clusters of responses that emerged in section 

4.2.  

In problems involving Faraday’s law, a large fraction of the Novices and EITs 

used Lenz’s law as the basis for claiming that currents and fields would be induced by the 

moving magnet, and that these would oppose the falling magnet.  Yet the respondents 

could not visualize the current and the fields (not to mention the forces) nor reason about 

what would happen if the tube were made thicker or more resistive.  

Use of a single representation was typified by the students who attempted to 

solve for the behavior of the RLC circuit by attempting to derive the equations for 

voltage and current, rather than thinking more efficiently in terms of energy.  

A single representation was also employed by EITs who could define inductance 

as the proportionality constant between back-EMF and rate of change in current, but 
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could not define inductance in terms of energy or flux.  Consequently, many of these 

were not able to reason about how materials, shape and, size affected inductance.  

Q: Can you think of a definition of inductance in terms of flux rather than 
voltage? 

EIT 2: “I don’t think so.” 

An example of limited use of images and a disconnected relationship between 

visual and mathematical representations are the EITs who were able to work out the 

bursting force on conductors in CF1 (forces on anti-parallel currents) by applying the 

formula for the Lorentz force, yet the same respondents were not be able to identify the 

forces on the single wire (MS1), effectively the same problem.  The force on the 

antiparallel currents appears in most textbooks in the context of teaching the equation for 

the Lorentz force.  The concept of magnetic pressure is seldom taught in introductory 

courses.  Thus the connection between the equation for Lorentz force and the mental 

image of a pressure acting on conductors is not made until much later in ones physics 

training. 

A closely related pattern is the tendency to over generalize.  This is thinking that 

an ideal or special case represents the most general case. Overgeneralization emerged as a 

pattern for most of the Novices, and about half of the EITs.  Examples include: 

• Only coiled geometries have inductance; inductors must be round, not 

square: “It can’t be inductance if it’s like a square.” [N3] 

• The field outside solenoids is negligible:  “There is going to be very small 

fringing here, but we’re going to ignore in an ideal situation.” [EIT4] 

(Only true for solenoids in which the length >> the diameter.) 

• There is no magnetic field in the interior of a wire: “There’s going to be 

really, really small fields inside. We tend to neglect them.  We take this 



[the wire] as one unit.” [N2] (Overgeneralization based on wires 

approximated as infinitesimally thin in many introductory problems.) 

• Dipoles in magnetic fields only experience torques but not force:  “I don’t 

think so [that the wire will experience a force]. If it’s a loop there’s a 

torque.” [N1] (This is only true if the dipole is in the idealized and often-

encountered situation of a uniform B-field.) 

• Inductance only exists if currents are changing: “..actually you cannot 

have this one [self-inductance] as just a static problem.” [EIT 7]   

Another pattern associated with basic mental models involves confusing concepts 

in magnetism with concepts from electrostatics.   This pattern of thinking has been 

studied in the PER literature.  It includes the idea that the poles of magnets are 

electrically charged (charged poles), although many variants have been reported.  (There 

were at least 22 instances.) All but three of the novices N3, N7 and N10 made statements, 

often more than once, that indicated confusion between magnetism and electrostatics: 

(keep in mind that N10 barely answered any of the questions).  This type of thinking was 

also expressed by EITs 2, 4, and 8. See Figure 4.11 for novice sketches. 

 

  

Figure 4.11 Two examples of the “charged poles” misconception.  
Left: N1 draws magnetic field lines that, like electric field lines terminate at the source 
[in this case a long wire carrying current into the page]. Right: N6 sketches magnetic 
field lines act on a charge the way electric field lines act on charges.   
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N4 states that there cannot be magnetic field lines inside conductors because of 

Gauss's law.  N5, in problem MS2, talks about piece of copper getting charged by a 

magnetic field:  “O.k. There’s magnetic fields, so this [the piece of copper] is going to get 

charged…Is it just sitting there?  Then no it shouldn’t affect it.  If it’s moving it should.”  

In problem MS1, N8 described field lines as radiating radially outward from a round wire 

carrying a current: Q: Here’s a wire with current flowing in it.  Do you remember what 

the field looks like for just a wire?  You can make it a round wire.  N8: “Wouldn’t it be 

radiating outward?” N9: in problem ECB1, describes molecules arranging themselves, 

like molecules polarizing in a dielectric:  “I want to say that it will arrange the molecules 

of the copper field so that in that way it will match the….actually I don’t remember if it 

matches the…the direction of the magnet.” 

There was less general confusion along these lines among the EITs.  Only three 

provided answers that indicated this type of confusion. In answering MS2 it is not clear 

whether EIT2 believes the problem involves electric field lines, or is simply stating that 

he is more comfortable thinking about electric field lines: “And it has these field lines 

passing through it?...I keep thinking about electric field lines and how they are going to 

align the charges, but I’m not really sure what is going to happen here.”  EIT4 repeatedly 

confused magnetics with electrostatics. For example, in response to MS2: “There is going 

to be some sort of charge [on the plate].  I’m assuming by current we’re talking about 

positive charge, so I guess we’re going to have some sort of negative charge build-up 

along this plate.” and so forth.  EIT .: in MS2, asks if B-field lines terminate at plate: “Do 

they end at the plate?” And in MS1 he tries to apply Gauss’s law instead of Ampere’s 

law. 
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4.3.4 Patterns associated with “transitional mental models” 

Several patterns of thinking were associated with responses that were more 

differentiated and complete than those based on basic mental models, but not yet 

possessing all of the features of the expert-like responses.  In the classification scheme I 

present in section five, these patterns are associated with the category of “transitional 

mental models.” A key feature of the transitional mental models is that under most 

circumstances they get the job done, albeit at times by brute force in comparison to the 

efficiency of the expert-like models.  Common characteristics of transitional thinking 

include 

• The need to reconstruct solutions, but have enough facts, connections 

and modeling skills to complete the task.  

• A general, need for objects in explanations: that is, magnets, conductors, 

circuits that they can be imagined and mentally manipulated.  

• Greater integration of math and physics  

• An emerging sense for the concept of the field. 

The quintessential example of this pattern of thinking is the response of EIT4 to 

the question of defining self-inductance.  The answer is a tour-de-force that starts with a 

complete explanation of mutual inductance involving two loops numbered 1 and 2, and 

proceeds to apply the concept to a single loop to arrive at a definition for self-inductance. 

EIT 4: “There are two kinds of inductance: self-inductance and mutual 
inductance.  Mutual inductance is if you have two current loops, they will each 
create magnetic field that looks like a dipole, and so the magnetic field from the 
first loop will have a flux through the second loop which will cause, by Lenz’s 
law, that second loop will oppose the flux change, and so that will induce a 
current in the second loop that will create an opposing B-field.  The inductance in 
that sense is a proportionality constant between the change in flux and the change 
in current.  The change in flux through loop 2 from loop 1 equals the mutual 
inductance times the change in current through loop 2.  That’s mutual inductance. 
Self-inductance is when you have a current loop and there is a changing current in 
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that loop, the B-field changes from that loop and so there is also a magnetic flux 
through that loop which would be opposed as well by Lenz’s law, so that 
changing flux would induce a current to create a B-field to oppose that change in 
flux.  So in the same way, the self-inductance is a proportionality constant 
between the magnetic field flux change through that loop and the resulting current 
change in that loop.” 

This pattern of thinking is also evident in the response of EIT8 and EIT9 (see 

Figure 4.11), who appear to be reconstructing their understanding of inductance rather 

than answering by recall. As such their responses provide some additional insights into 

their thinking. 

EIT8: “Well you’re going to basically have to be inducing a current on yourself, 
somehow….You change a magnetic field you get a current.  Inductor changes 
mag field and you end with a current.  Is that right?  And it’s got to be….I’m 
trying to think, so I…I did a lab basically with a giant inductor where we had 
coils of wire out here and then a magnet that had North / South and you rotate that 
and it creates a current, in here. So if the change in magnetic field….I can’t think 
of the equation for it. 

Q: from circuit theory does anything come to mind?  Do you have an equation 
that comes to mind that has L in it? 

EIT8: “Aaaahhmm.  [laughter] It’s been a long time since I’ve done this. So I 
know that if you have an inductor in a circuit, the coil goes through here and it’s 
basically a solenoid, and you end up producing a magnetic field.  And this 
magnetic field impedes the current somehow.  Changes how the current goes 
because it’s creating its own magnetic field.  And if it’s in an a.c. circuit, this 
magnetic field is changing as you go, so it’s going to interact with the current.  
That’s here.  But I don’t know the equation for it.” 

EIT9: “So self-inductance is kind of….let’s see.  If you have some circuit with 
current in it then that’s going to produce a magnetic field inside and around it.  
And the magnetic field will then induce-that’s where inductance comes from-a 
current in the opposite direction.  Well, only when the current is changing.  Well, 
yeah.  So you have a changing of the current and that will induce a changing of 
the magnetic field and the magnetic field will induce from Faraday’s law a current 
in the other direction that’s proportional to the rate of change of the original 
current.  Self-inductance is when the circuit induces that in itself.  Any other 
definitions of self-inductance….” 

Q: Can you think of a definition of self-inductance where current is not changing? 
You just have a current and you still have inductance? 
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EIT9: “Hmmm.  Well, inductance is always the equivalent-in the mechanical 
case-to mass.  It’s the driving force that tries to keep the current flowing.  So even 
when there is current that is not changing I suppose there is inductance, although 
in a steady state current it doesn’t affect the situation.  Only when the current or 
the form of the circuit is changing.” 

Transitional thinking often includes elements of expert-like thinking.  In the case 

of EIT8, he checks for consistency and coherence by trying to relate his answer back on 

a lab he once did and later asking himself “is that right?” EIT 9 is reasoning by analogy 

when he compares the attributes of inductance to those of mass.  What is missing, 

however, is the efficiency of the experts. Contrast the EIT responses with some of the 

Expert responses: 

E1: “The amount of flux linkage per unit of current.” 

E2: “So I would define inductance as the voltage divided by the time rate of 
change of current.” 

E3: “It’s just a relationship between and induced voltage or EMF and the rate of 
change of current.”   

E4: “Self-inductance is really the ratio of the flux linked by a circuit to the current 
in the circuit.” 

E5: “It is related to the energy store per unit current flowing in the thing.  
Magnetic field energy stored in the circuit is equal to ½LI2. Or conversely, φ=LI.  
Depending upon the situation that’s your choice it can be related to the stored 
energy per unit current or the magnetic flux generated per unit current.” 

4.3.5 Patterns associated with “expert-like mental models” 

The patterns of thinking that emerged from the responses of the experts will be 

not be news to physics professors, as these are the ways of thinking that they strive to 

instill in their student (mostly their graduate students).  I have already alluded to 

efficiency, reasoning by analogy, and checking for coherence.  Others patterns include 

reasoning in terms of length scale/time scale, thinking in terms of limiting cases, 



 102

thinking from multiple perspectives, thinking in terms of field lines, and integrated 

mathematical and physical thinking. 

I begin with the more straightforward patterns, which require less explanation, 

and end with the most complex pattern: think in terms of field lines and integrated 

mathematical and physical thinking.  In this section I include examples from all the three 

groups because many of the Experts-in-training and even one of the novices (N2) 

displayed expert-like thinking at times.  It also illustrates that I have not defined expert-

like in the tautological sense of only used by experts.  (In fact there were several cases 

where experts exhibited transitional patterns of thinking.) 

Reasoning in terms of length scale/time scale, thinking in terms of limiting cases 

and the ability to reason from multiple perspectives can be thought of the antithesis of 

the single representation attribute associated with the basic category of mental models.  

These expert-like ways of thinking suggest an understanding of the subject that is both 

broad and deep.  

Reasoning in terms of length scale/time scale requires knowing what effects are 

important at what scales and having ones knowledge organized so as to be able to classify 

problems within this context.  Some examples include N7 realizing that there is a length-

scale beyond which adding material to the tube in problem ECB1 will have no effect on 

the dropping magnet. 

N7: “I think if it were really thick, solid, there would still be….I think once the 
thickness is greater than the conduction depth, or I don’t know what to call it, then 
it doesn’t matter.” 

EIT 9 is a little bit hesitant in his reasoning, but he is clearly considering what 

length and time scales might be important in this problem.  

EIT 9: “Well, if the rotational velocity is small compared to…well, let’s see….It’s 
small compared to something, but I’m trying to think what that something would 
be.  It’s probably something like the speed of light over this distance, [solenoid to 
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plate spacing] then-yeah, that’s exactly what it is-this rotating solenoid is 
basically an antenna kind of thing and it’ll be….If this is spinning fast, 
somewhere far away the magnetic field will be rapidly switching back and forth.  
But if it’s spinning slow compared to….hmmm. If it’s spinning pretty much at 
any obtainable frequency, then the magnetic field will basically look the way it is 
except that it will rotate with the solenoid. 

Whereas, E5 is thinking in these terms, almost by inspection, that is, with the 

typical efficiency of experts. 

E5: “Once again, if it is really a long time scale, or this plate is so resistive that its 
diffusion time is short compared to the rotational time scale, it’s no particular 
change because the image currents either dissipate or they stay up with it.” 

Reasoning by limiting case requires a mental model that can be manipulated to 

take some variable to its limit.  Most of the novices and about half of the EITs did not 

have mental models of diffusion into conductors in which electrical conductivity 

mattered.  Consequently many replied that they could see no difference in problem MS2 

between having a copper plate or a perfect conductor near the solenoid.   In the following 

example, however, EIT 9 reasons in terms of limiting case to understand how electrical 

conductivity will affect the falling magnet. 

EIT 9: "Let’s say it’s a conductor with infinite resistance, then there won’t be any 
induced current and there won’t be any force on the magnet except for gravity.  
And if it’s an infinite conductor, which is different from a superconductor, then 
there won’t be any loss.  Those electrons can move freely.  They won’t dissipate 
any energy at all and I think it will fall again.  So there’s some intermediate 
conductance that will be the most dissipative.  I’m not sure what that is.  We’d 
have to do math." 

In the example above, EIT 9 was also reasoning from multiple perspectives. In 

stating that the electrons will move freely he is adopting a microscopic view to reasoning 

about a macroscopic problem.  When he considers dissipation, he has switched to 

reasoning in terms of energy.  

Another example of reasoning from multiple perspectives is to change the 

reference frame of the problem.  N2 and E2 both realized immediately that the problem 
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of the plate moving into a static field was related to the problem of the dropping magnet. 

N2: “It’s exactly like the one of the magnet with the coil, but this time it’s the other way.  

I know the end result is the magnetic wants [to] stop that, but I must think of why. 

[laughter].”  E2: “You look at this from the point of view of the material itself and this is 

not a static magnetic field, this is a magnetic field that is trying to move this way [from 

left to right in the rest frame of the conductor]. 

Finally, visualizing fields, and integrated mathematical and physical thinking 

represent the antithesis of the limited use of images attribute associated with the basic 

mental models.  In this work I define thinking in terms of fields as having developed the 

ability to visualize solutions by simulating the behavior of field lines.  The best way to 

illustrate what this means is by comparing various levels of thinking about problems 

involving induced fields.  The response of N5 to problem MS2 is typical of students who 

have not developed the ability to think visually.  They classify induction problems 

correctly, and they know that currents will be induced, but they cannot draw the currents, 

the induced fields or the resulting forces.      

Q: What do you remember about fields interacting with conductors? 

N5: “Hmmm. I don’t remember much at all, really.  It should attract it, somehow?  
Like produce a current in here.  That’s what it should do.  Now the direction of 
the current, I don’t think I can figure that out.” 

In problem EC2, involving the conducting block moving into a uniform magnetic 

field, N3, can visualize the induced field (Figure 4.12 [left]), but does not like to combine 

it with the applied field (downward directed arrows) and in doing so think in terms of 

resulting (or net) fields. 

Q: You can add this to that and you get a net [B-field]…. 

N3: “Oh yeah, yeah, it’ll get a weaker one going down.” 



Q: So in a sense you don’t need to draw two [fields], you could draw an effective 
one, the one that’s the sum of these guys? 

N3: “If the length were the magnitude, it would be something a shorter length, 
something like that. 

Q: When you think about it, you’re pretty much separating them.  You keep this 
one there… 

N3: “Yeah, I separate them.”   

   

Figure 4.12 Two ways of visualizing the superposition of magnetic fields. 
N5 (left) sketches the induced field.  (middle and right) N2 and E5 sketch the vector sum 
of the fields.  

N2 and E5, on the other hand, produced sketches of the resulting field, in this case 

field lines being pushed to the right by the conducting block. 

N2: “So what I’ll do is superimpose this onto that [induced B onto applied B]…so 
they [the field lines] actually can’t be broken.” 

E5: “So now we’ve injected into this field.  This guy [the conducting block] is 
now going to try to do this to the magnetic field, to buck it out, and the external 
field lines now have to do that [bend forward] at this leading edge…These field 
lines bent like this, they’re going to [want to] straighten back out so this I think is 
now going to try to slow the motion of the conductor into the field.” 

The ability to simulate the behavior of field lines in problems like these is another 

illustration of expert-like efficiency.  As in the cases of magnetic pressure and inductance 

(discussed in section 4.3), the expert approach is less cognitively demanding.  Simulating 

the behavior of the resulting field lines does away with the superfluous task of visualizing 

induced EMF’s and currents and allows the experts to think in everyday terms whereby 

magnetic fields dive, wrap, drag etc. as the situation calls for. 
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The ability to visualize resultant fields is but a small part of what thinking in 

terms of field lines entails, and ultimately this visual shorthand cannot exist apart from 

the associated mathematics.  A simple example of integrated mathematical and physical 

thinking was that only the EITs who used Ampere’s law could describe the field lines for 

the isolated wire in problem MS1.  A more advanced example is E7’s explanation to me 

of why field lines must be practically normal to the iron plate in the problem MS2. See 

Figure 4.13. 

E7: “They need to be normal because what Maxwell’s equations tell you is that 
the tangential H field needs to be continuous across the boundary.  Flux lines will 
cross like this, but they’re tough to fit in.  The tangential H field needs to be 
continuous between the boundary and the air because I don’t need as 
much….because the permeability of iron is so much higher, any tangential H on 
the outside will generate a very large tangential B field inside the iron, and you 
don’t really need to get anything that large in order to solve the problem. So 
basically the system will adjust itself.  So the flux lines are about normal.” 

 

Figure 4.13 E7’s representation of field lines from a solenoid in proximity to an iron 
plate. 

What convinced me that productive visual thinking cannot exist apart from the 

math were examples where thinking in terms of field lines without regard for the 
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underlying math led to confusion.  An example of this, from the first part of this chapter, 

is that EIT’s who didn’t use Ampere’s law did only slightly better than the novices. (Two 

of the EITs claimed there would be no magnetic field inside the wire.)  Those that applied 

Ampere’s law were able to determine what the field looked like inside and outside of 

wire, and provide quantitative descriptions of the field. 

Conversely, I ran across numerous instances where thinking mathematically 

without a strong visual sense for the fields led to confusion.  In the transcript below, 

EIT7, who had had two semesters of Jackson, attempts to reason mathematically about 

MS2 (the problem of the magnetic field near the copper plate) and gets nowhere. 

EIT7: “By the boundary conditions of the metal, the…[long pause]…Inside the 
metal, no…I’m trying to use boundary conditions to use the field around the 
copper metal…oh, this just a magnetic field and is not a….so a…[garbled] to 
determine the boundary conditions…. For a perfect conductor, let’s see.  
The electric field is zero inside the metal, and…..Can I look in the book? [has a 
copy of Jackson]. I know how to do it….Use the boundary conditions determined 
by the Maxwell equations.  If you know the field inside the metal you can know 
the field outside the metal.  That’s easy.  I forgot the details about the field inside 
the metal. 
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5. Discussion 

In this section I compare my findings to those of others who have studied similar 

problems. In section 5.1 I take up student understanding of Magnetism. In section 5.2 I 

compare my finding on patterns of thinking with some of the literature on mental models. 

5.1 FINDINGS RELATED TO STUDENT UNDERSTANDING OF MAGNETISM 

For the most part, my findings are consistent with what has been reported in the 

physics education literature on student learning of E&M.  Most of the research to date has 

focused on 1) beginning students, typically high school seniors or college students taking 

introductory courses, and 2) concepts in electrostatics rather than in magnetism 

(McDermott & Redish 1999).  As such, in this part of the chapter I mostly compare my 

findings for the novices with what has been published on beginning learners. 

Summarizing from Chapter 4, my principal findings for the novices were that they 

could not get very far into most of the problems. 

1. They frequently did not have enough facts to reason productively about 

the problems.  Many could only describe memory fragments of 

demonstration or problems they had seen. They did not have good recall 

or basic equations. 

2. They tended to see cases that that they had studied as the most general 

instance of that type of problem, rather than as a special case of a broader 

category of problems.  A consequence was a view of magnetism as a set of 

unrelated special cases, rather than a cohesive whole.  

3. They were not visualizing problems or thinking in terms of fields, The 

most productive strategies involved using simple rules deleted comma 

(heuristics), like the right hand rule or Lenz’s law. 
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4. Some of their responses could be traced back to incorrectly applying what 

they had learned about electrostatics to magnetism. 

The finding that most beginning learners have a poor grasp of the subject after 

their first course has been established with regards to introductory physics classes in 

general [Redish et al 1998, VanHeuvelin 1991, McDermott 1993]. In the case of E&M, 

this finding is reported in several studies (Galili 1995, Bagno & Eylon 1997, Greca & 

Moreira 1997) which also find: 

1. conceptual understanding for this group is quite poor 

2. students lack a sense for the subject  as a cohesive whole 

3. beginning students do not visualize and have a weak sense for the concept 

of the magnetic field. 

My first three findings map well onto these general findings. 

Specific patterns of understanding are now being more systematically 

investigated. Studies with large sample sizes have been made possible by the 

development of instruments like the Conceptual Survey of Electricity and Magnetism 

(CSEM) (Malone 2001).  For example, Planinic (2006) used the CSEM to compare the 

conceptual understanding of 84 Croatian university students with two groups of 

American students.  The author found that students in both countries shared similar 

conceptual difficulties.  The author also found that induction was the most difficult 

conceptual area in the CSEM. Difficulties with induction and the related concept of 

inductance were clearly evident in my data, as none of the novice students were able to 

define inductance or visualize the process of induction.  Many of the students failed to 

realize that inductance is independent of current, or can be defined even for situations 

where there is a constant current. 
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Sağlam and Millar (2006) used the CSEM to study 120 high-school students in 

Turkey and 152 in England. As with most other studies, they found that students have 

difficulty visualizing magnetic fields and integrating ideas into a coherent framework. 

They also identified frequent errors from confusing electric and magnetic fields.  I coded 

for a more general tendency to confuse ideas from electrostatics with concepts in 

magnetism, as reported in Maloney (1995) and found this to be the case for all but three 

of the of the novices. 

Many of the novices I interviewed based their answers on demonstrations they 

had seen in class.  Frequently their understanding of what they had seen was incomplete 

or incorrect.  Both of these results have been reported by others. In a study in which 

students kept a journal of their classroom experiences over the course of a year, Di 

Stefano (1996), found that students consistently mentioned in-class demonstrations as a 

positive aspect of the course, not so much to break up potentially dull lecture time, but to 

help the visualize, focus on, and think about physics.  Di Stefano concludes that 

demonstrations help students learn.  However, McDermott (1993) has shown that often 

times what students see in demonstrations is different from what teachers think the 

students are seeing.  And Roth et al (1977) discuss six factors that can interfere with 

students learning from demonstrations.  One of these is interference from other 

demonstrations that have some surface resemblance.  This emerged clearly from my data 

in that about half of the novices confused aspects of the demonstration of the magnet 

dropping through the tube with a similar demonstration in which a ring is made to jump 

up to the ceiling.  The first demonstration involves passive eddy current braking; the 

second demonstration involves induction from an applied alternating current.  None of 

the students were aware of this significant distinction. 
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My results did not show other patterns that have been reported in the literature. In 

all the cases, however, there is a reasonable explanation based on differences in 

methodology. For example, some of the expert/novice and physics education literature 

reports that students approach problem-solving by a rote approach that involves searching 

first for equations (Larkin et al 1980, Chi et al 1991, Van Heuvelen 1991). I saw 

instances where students approached problems by attempting to recall equations, even 

before understanding what a problem was about, however, this did not emerge as a 

frequent pattern. I think the explanation lies in the fact that my study involved a 

structured interview, not a timed paper and pencil test, and that I prefaced my interviews 

by telling the students that, above all, I wanted to know how they thought about physics.  

In fact, I was somewhat surprised by how poor recall of equations was among the 

novices, given all that has been written about the over-emphasis on quantitative problem-

solving in introductory courses. The novices did not have enough recollection of 

equations to spend much time attempting to derive solutions.  It was actually some 

mathematically oriented EITs and Experts who spent more time unproductively 

attempting to derive solutions. 

Finally, contrary to the reported findings by Quaisasola et al (2004), most of the 

students in my study seemed to know the connection between magnetic fields and their 

sources.  The most likely explanation for this discrepancy is that in my problems the 

connection between the current and the field was a given in the question (e.g., “Describe 

the magnetic field produced by long wire…”)  Only two of the novices failed to apply the 

right hand rule that relates current to magnetic field. I also did not find a tendency to 

confuse field lines and forces as reported in Törkvist et al (1993).  Instead, what I found 

was an inability on the part of most of the novice to remember much about forces, 

including the formula for the Lorentz force. 
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5.2 FINDINGS RELATED TO MENTAL MODELS 

My findings for the Experts in Training and Experts are more difficult to correlate 

to the education literature since there has not been as much work published on these 

groups.  Education researchers have recently turned their attention to upper-division 

students, but mostly in the context of how best to reform upper division instruction.  For 

example Manogue et al (2006) analyze the cognitive load on upper division students 

learning to apply Ampere’s law.  Chabay & Sherwood (2006) propose reforms for how to 

teach upper division electricity and magnetism. However, none of these papers are 

studies.  As such, my work serves to fill a gap in the literature that is only now beginning 

to be addressed. 

The work that I found most relevant to my results for the EITs is presented in The 

kinds of mental representations—models, propositions, and images—used by college 

physics students regarding the concept of field, by Greca & Moreira (1997).  This paper 

reports findings similar to mine and provides what I found to be a productive framework 

for thinking about my results across all three groups.  The authors sought to determine 

whether there were qualitative differences among the mental representations used by 

college students in thinking about EM fields.  Their work was based on the mental 

models approach of Johnson-Laird, which proposes that there are three kinds of mental 

representations: images, propositions, and mental models. Images and propositions 

correspond respectively to visual and phonological short-term memory, while the mental 

models are analogs of the situation that is being represented. 

The Greca & Moreira study consisted of two parts.  The first was a pilot study 

during which they observed and interviewed a group of sophomore engineering students 

over the course of a one-semester E&M class.  14 students were deemed not to have 

formed what the authors regard as mental models.  Seven other students, who formed 
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mental models, were classified as having mental models that were either propositional 

(mostly equation or rule based) or analogical (mostly image based).   

The pilot study was followed by a second study from which the authors developed 

a more elaborate classification scheme.  The revised scheme, summarized in table 5.1, 

contains three categories for “no mental model,” a transitional category, and two 

categories for mental models.  

Table 5.1 Categories of mental models from Greca & Moreira (1997)  

A: Did form mental models  Transitional B: Did not form mental models  
5 (n=2) 4 (n=7) 3 (n=7) 2 (n=3) 1(n=3) 0 (n=3) 
mental models of electromagnetic field 
share all the characteristics of 
Category A in pilot study. 
models which 
correspond to 
models used by 
experts dealing with 
the subject at an 
introductory college 
physics level.  

mental model of 
electromagnetic 
field share all 
the 
characteristics 
of Category A in 
pilot study. 

Developed 
some kind of 
primitive 
models 
(although not 
necessarily 
correct), 
without arriving 
at a more 
elaborated one.

Show better 
degree of 
propositional 
articulation; 
efficient use of 
formulae and 
definitions, but 
still not 
integrated in a 
physical model.  

Work exclusively 
with isolated 
propositional 
representations; 
they know by heart 
formulae and 
definitions exactly 
as presented in 
textbooks, and are 
unable to articulate 
them.  

Students who 
were able to 
construct a 
mental model 
of 
electromagneti
c field share 
all the 
characteristics 
of Category A 
in pilot study. 

Although neither scheme applied very well to my study, I thought their general 

approach was worth developing.  In the end, I adopted elements of their schemes to come 

up with a model that fits my data reasonably well. Furthermore it provides a productive 

framework for understanding the results in the context of other research on visualization 

and the process by which visualization develops. 

My model, shown in table 5.2, is derived from the schemes proposed by Greca 

and Moreira but differs in several ways.  Firstly, I do not make a distinction between 

mental models that they define as either propositional (math and rule-centered) or 

analogical (visual and model-centered). I found that mental models usually contain 

elements of both. What matters more is the extent to which the propositional and 

analogical elements are integrated.  Greca and Moreira seem to have moved toward this 
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position somewhat in going from their pilot scheme, to their final scheme, although in the 

body of the paper they do not discuss why.  Secondly, our methods were different: I 

conducted a single interview; they conducted multiple assessments over the course of a 

semester. As such, many of the criteria they used to distinguish between groups do not 

apply to my data. 

Table 5.2 Categories of mental models that emerged from my study (adapted from Greca 
& Moreira 1997) 

 Attributes or characteristics 
None • Drawing a total blank, incorrect classification, more wrong than right,  "don’t know," "don’t remember"  
Fragmentary  • Mental models built around memory fragments  (do not need to be correct) 

• Few details: descriptions rather than definitions; no equations 
• Not integrated into other models., i.e., largely disconnected 
• Types of memory fragments: concept, demo/lab, equation, textbook/problem, visual 

Basic • Often enough to answer a simple question, but not enough to reason about anything more complex. 
• Level of understanding does not extend beyond text-book like situations 
• Overgeneralization 
• Relationship between visual and equations is disconnected; do not use images to reason things out 
• Single equations, single explanations, single representations 

Transitional • Share some features of the previous and next subcategories 
• Work with images associated with some concepts 
• Articulate concepts and explain physical phenomena in a way slightly different from textbooks 
• In general, need objects in explanations, e.g., conductors, they can imagine and mentally manipulate 
• Able to reason productively, albeit at times by brute force 
• Math and Physics integrated 
• Need to simulate, or construct solutions, but have enough facts, connections and modeling skills to complete 

the task 
Expert-like • Capable of non text-book like explanations, visualizations 

• Abstract rather than concrete answers 
• Math and physics (and visual representations) seamlessly integrated 
• Visual shorthand developed so no need to simulate; understand when analogies apply 
• Approach to problem-solving quite efficient, often by inspection (efficiency of experts) 
• Provide or can readily provide justification 
• Reason by analogy, in terms of length/time scale, from multiple perspectives, by limiting case, in terms of 

fields lines 

On the other hand, the same general patterns of thinking seem to have emerged 

from both of our studies.  At one end of the competency range, students do not have 

enough information from which to reason about much of anything. These are the None 

and Fragmentary mental models I saw in most of the novice responses to all but the most 
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basic questions.  At a slightly higher level of competency, students can only reason 

productively for simple, textbook-like problem, in simple text-book like ways. These are 

the Basic mental models used by a few of the novices and a few of the EITs.  At the 

Transitional stage the students have enough information that they can start to reason 

about most problems, albeit inefficiently.  Most of the EITs operated at this level.   

Finally, at the expert-like end of the spectrum reasoning is both effective and efficient. 

Since about half of the EITs were operating at the basic level, it is reasonable to 

wonder why visualization is so underdeveloped in these students.  The study by Sağlam 

and Millar (2006) found that performance on an independent test of visualization and 

rotation only weakly correlated to students’ abilities to visualize fields.  This suggests 

that students have the ability to visualize, but are slow to incorporate visualizations into 

their mental models.  Furthermore, there is ample evidence in the expert/novice literature 

and in the literature on student resources that visualization and mentally simulating 

processes comes naturally (Larkin & Reif 1979, Larkin 1983, Clements 1994, Smith et al 

1993).  David Gooding has written about how visualization is integral to many kinds of 

scientific thinking, and a natural way of managing complexity (Gooding 2004). 

My data showed that to get to an expert level of visualization requires developing 

many intermediate mental models, and therefore much time and practice. Expert-like 

visualization and thinking require making connections to other concepts and learning, or 

chunking, many pieces of information, not all of which are visual.  Consider, for 

example, the progression of mental models required to visualize the magnet-in-tube 

problem in terms of field lines dragging.  One must 

1. understand Lenz's law  
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2. be able to visualize induced EMF’s and currents, (usually learned in the 

context of a wire, not a solid tube, so this concept has to be generalized to 

solid conductors) 

3. know whether induced currents ‘die off instantly,’ ‘fight forever,’ or 

‘decay over time.’ This requires making a connection to Ohm’s law and 

LR circuits 

4. visualize the induced fields 

5. visualize the vector sum of the applied and induced field using the 

principle of superposition to visualize the resultant fields 

6. simulate the time evolution of the resultant fields, as they diffuse into and 

out of the tube. 

Using current teaching methods, few students are likely to make all these 

connections. As Van Heuvelen (1993) writes, a reason “students may avoid qualitative 

representations to help them in their problem solving is that they have little opportunity to 

develop the special techniques needed to construct these representations” (p 893). 

I have stressed the ability to visualize and think in terms of field lines as an 

important example of expert thinking.  It is not my belief that this represents the only 

path to or the ultimate embodiment of expert thinking in E&M.  But I do believe that it is 

a feature of expert-like thinking that can be developed in students at all levels (as in the 

case of the novice from Singapore) and that can help students learn more efficiently. 

Another dimension of expert thinking that emerged was the abstract nature of the 

expert responses.  In contrast, the responses of the other groups tended to be concrete, 

with explanations often involving objects such as coils and magnets being mentally 

manipulated. Developing abstract models also requires a lot of much time and practice.  

Gooding describes how understanding and generalizing new phenomena often involves a 



 117

progression from 2D representations to 3D representations, which eventually become 

animated in time as mental movies or thought experiments. In the science education 

literature, Ferguson-Hessler & de Jong (1987) write about a related dimension called 

"problem knowledge," an example of which is knowing how to apply Ampere's law first 

to a wire, then a sheet, then a solenoid, then a toroid.  

The most defining trait of experts, however, was the high degree to which their 

mental models were integrated (math, physics, visual etc.) to the point that it was 

frequently impossible for me to tell how they were thinking.  Their answers were often by 

inspection and contained multiple representations.  Gooding writes about this as well, 

observing that while some visualizations remain central to thinking about certain 

processes, others become less important as the vocabulary and discursive practices of a 

field develop: “Images and sketches that were crucial aids to interpretation at the start of 

an investigation may give way to verbal descriptions and mathematical formulas as the 

language of description is enhanced, only to become crucial again in the context of 

popular dissemination” (Gooding 2004, p. 3). This is reflected in the answers where 

experts described field lines dragging, diving, wrapping, and curling, sometimes based on 

the mathematics, without producing sketches.  

Finally, I would like to comment on the non-existent and fragmentary categories 

of mental models.  I consider it important to understand these because students who are 

thinking at this level are having the hardest time with the subject.  The idea of gist 

memory, and the education literature on conceptual change provide a possible 

explanation for this pattern of response.   
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Research on cognition proposes that we store two types of memories: verbatim 

traces and gist traces (Brainerd & Reyna 1990). Verbatim memory records accurate 

representations of events, while gist memory processes the information to determine how 

it fits into our existing knowledge base.  Eventually verbatim memory is lost, leaving 

only gist memory, that is, our interpretation of the events.  This process might explain 

why it is so difficult for novice students to begin to develop mental models of electricity 

and magnetism: there is so little relevant a-priori understanding to build on, that students 

are often left with only superficial interpretations of lectures, problems, and 

demonstrations.  As Maloney et al (2001) note, whereas most students have an intuitive 

sense for mechanics, (that is, experiences with bicycles, bowling balls etc.,) “in the 

domain of electricity and magnetism most students lack familiarity with both the 

phenomena and most of the concepts, language, principles, and relations.” 

I believe that the current approach to instruction assumes that students will 

construct their understanding of E&M based upon the math and physics they learned in 

previous classes.  Many studies show, however, that this material was often learned 

poorly.  [That 76% of students said particles travel along electric field lines caused 

Törnkvist to write: “Why, despite heavy courses in mechanics, do students confuse force 

with trajectory?” (Törnkvist et al 1993, p. 337)]  As such, for most students, material 

covered in earlier math and physics classes does not form an adequate foundation for 

learning E&M.  Clement (1989) proposed that ‘anchoring conceptions’ or anchors, can 

play a useful role in instruction by providing bridging examples to student 

preconceptions. I think one of the keys to helping beginning students learn E&M will be 

to find and build on anchors that go beyond material that was covered in previous physics 

classes. 
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6. Conclusions 

 

6.1 SUMMARY OF FINDINGS 
 

In this dissertation I set out to investigate two questions: 

1. What is the state of qualitative understanding of magnetism at various stages of 

expertise?  

2. What approaches to problem-solving are used across the spectrum of expertise? 

 

I studied three groups: 10 novices, whom I defined as students who had 

completed one university level course on electricity and magnetism.  10 experts-in-

training, whom I defined as students who had had at least one upper-division course in 

electricity and magnetism, and finally, 11 experts, all of whom had PhDs in either 

physics or engineering and had been active in research related to electricity and 

magnetism for a least 10 years.  

  

My data came from structured interviews during which I asked the respondents to 

solve a series of non-standard problems in magnetism while thinking out loud.  The 

problems were designed to test for conceptual understanding, so that for the most part 

they could not be solved by rote application of equations.  With minor exceptions, all the 

respondents were presented with the same problems. The format of the interviews was 

flexible to allow for the large differences in the abilities the respondents.  The interviews 

were audio taped, transcribed, and analyzed using a grounded theory approach.  The 

major patterns that emerged can be summarized as follows: 
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The novices could not get very far into most of the problems. They frequently 

described gist memories of demonstrations, text book problems, and rules (heuristics). 

However, these fragmentary mental models were not complete enough to allow them to 

reason productively. All but three, at one time or another, incorrectly applied ideas from 

electrostatics to magnetism. 

 

The experts in training were able to solve problems that the novices were not 

able to solve, many times simply because they had greater recall of the material, and 

therefore more confidence in their facts.  Much of their thinking was concrete, based on 

mentally manipulating devices and circuits.  With a few exceptions, they were not 

thinking in terms of fields.  Three of the EITs however (most notable, 6, 9 ,and 10) 

exhibited traits of experts, albeit, not consistently.  

 

The experts solved most of the problems in ways that were both effective and 

efficient: Part of the efficiency derived from their ability to visualize and thus reason in 

terms of field lines.   This way of thinking is not strictly visual as it rooted in 

understanding and having generalized some of the physical and mathematical concepts of 

magnetism.     

 

None of the novices and only a few of the experts in training showed a strong 

understanding of inductance, magnetic energy, and magnetic pressure; and for the most 

part they tended not to approach problems visually.  One novice, however, who in all 

other respects was unexceptional, reasoned in terms of field lines on several problems.  

He went to high school in Singapore, and claimed this is how he was taught think about 
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fields.  This suggests that it is possible to develop this expert-like way of thinking in 

novice students. 

6.2 LIMITATIONS OF THIS RESEARCH  
 

In this section I discuss the limitations and strengths of my research.  I do this in 

part by considering four criteria for establishing trustworthiness in qualitative research.  

The idea of trustworthiness was put forth by Lincoln & Guba (1985).  According to their 

framework, concepts that are commonly used to evaluate quantitative research have 

analogs that can be use to evaluate qualitative research. 

Table 6.1 Four criteria for establishing trustworthiness in qualitative research, as put 
forth by Lincoln & Guba (1985). 

Concept in 
quantitative 
research 

Analogous 
concept in 
qualitative 
research 

How to establish the criterion for 
trustworthiness  

Internal validity Credibility Prolonged engagement and persistent 
observation, triangulation, peer debriefing, 
negative case analysis 

External 
validity 

Transferability Provide thick description of the database so that 
someone else can decide 

Reliability or 
Reproducibility 

Dependability Establish validity, overlap methods, stepwise 
replication, inquiry audit 

Objectivity  Confirm ability Audit, triangulation, keeping a reflexive journal 
 

1. Credibility, the analog of internal validity, seeks to establish that the research 

measured what it set out to measure.  In quantitative research, internal validity is 

established by demonstrating statistical rigor and absence of methodological flaws. In 

qualitative research, credibility is established by showing that sound research methods 

were systematically applied.  My methods, clinical interviews and think-aloud protocols, 

were those used to probe student conceptual understanding of E&M is similar studies 

(Törnkvist et al (1993), Greca & Moreira 1997, Guisasola et al 2004), Bagno & Eylon 
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1997) and in expert/novice studies involving physics tasks (Chi et al 1981, Thibodeau 

Hardiman et al 1989, Stocklmayer & Treagust 1996, Larkin 1983, Clement 1994).  

Lincoln and Guba propose prolonged engagement, persistent observations, peer 

debriefing, and negative case analysis as ways to enhance credibility.   

My use of extensive interviews constitutes a form of prolonged engagement and 

persistent observation.  My interviews lasted about an hour each and produced 700 pages 

of transcripts.  

Triangulation involves making the same measurement in different ways.  In the 

strictest sense I did not do this.  There was, however, a considerable amount of 

redundancy and follow-up in my questions. The concepts I ended up focusing on: 

inductance, magnetic pressure, and visualization of fields, were probed in depth and in 

multiple ways during the interviews. 

I relied on peer debriefing mostly during the development and refinement of the 

instrument. After conducting the pilot study I solicited feedback on the revised 

instrument from three University of Texas physics professors not involved in the study.  I 

also solicited feedback from most of professors I interviewed at the conclusions of the 

interviews. 

In my study, one novice (N2) stood out as a negative case in his ability to think 

visually about magnetic fields.  I spent a portion of the interview discussing with him 

how his thinking had developed.  His exceptional performance can be explained by the 

fact that he was educated in Singapore, where, he told me, there these is a strong 

emphasis on science education in high school, and where the teaching style emphasizes 

qualitative understanding.  He also rated himself as a highly visual thinker.   

2 Transferability, the analog of external validity, describes the extent to which 

findings apply to the world at large. In the case of this research, it means establishing that 
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the students, professors, and experts I chose to interview are typical.  Lincoln and Guba 

claim that the best approach is to provide a thick description of the database so that others 

can decide.  In table 3.1 I provide a summary of the respondents’ occupational and 

educational backgrounds.  My groups were not as homogeneous as in most studies 

(which typically follow a classroom or a cohort).  The novices in my study were a 

combination of physics and engineering majors, and one UTeach major. The EITs 

included three undergrads, six graduate students and one post-doc. And the experts were 

physics professors and researchers, some of whom had doctorates in fields other than 

Physics.  A sample size of greater than n=10 per group would also have improved 

transferability. 

3. Dependability, the analog of reproducibility, concerns the accuracy and 

reliability of the research.  Lincoln and Guba propose several ways to improve 

dependability.  The first is to establish validity, which I have already discussed in the 

context of Credibility.  Overlap methods and stepwise replication require taking multiple 

passes at or using multiple researchers to do field work.  This was not an option given the 

small scale of this study.  Their final recommendation for establishing reproducibility is 

to have an independent audit of the work.  The closest I came to having an audit of this 

work were meetings with Dr. Jill Marshall to review and discuss results as they were 

emerging from the coding.  My reports summarized what codes I had assigned to each 

respondent, and provided supporting excerpts from the interviews. 

4. Confirmability, the analog of objectivity, concerns freedom from bias.  The 

most straightforward way to establish this is to have someone else replicate the coding or 

parts of the coding to establish a measure of inter-rater reliability. I did not have anyone 

reproduce my coding, and this stands as a major weakness of this work.  Lincoln and 

Guba also suggest keeping a reflexive journal.  I did this through various memo and 
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commenting features built into the coding software. My research proposal and my 

research notes show that my thinking evolved in response to the findings. Specifically, I 

had not realized until I analyzed the interviews how many intermediate steps (chunks, if 

you will) are required to develop the ability to think in terms of field lines, to extract 

meaning from demonstrations, and to generalize key concepts.  This finding dispelled my 

initial idea that simply teaching in a more visual way would lead to better qualitative 

understanding.    

 

6.3 IMPLICATIONS FOR IMPROVING INSTRUCTION 

The current approach to teaching introductory E&M is to cover a comprehensive 

sequence of topics that are prerequisites for advancing onto the next level of instruction 

in E&M.  In theory conceptual understanding develops through the combination of 

reading the textbook, classroom interactions, classroom demonstrations, and insights 

gained through working homework problems.  In reality, conceptual understanding is 

seldom acquired, which in turn undermines quantitative understanding. 

Despite the evidence that students are not learning, the current way of teaching 

E&M remains largely unchallenged at most universities.  There are a couple of reasons 

for this.  One is that this approach works well enough for a small subset of the students, 

that is, those who are mathematically inclined. And because these are the students who 

are likely to go on to grad school and eventually become professors and researchers, it 

can be argued that despite other failings, this approach ultimately produces the desired 

outcome.  But this line of reasoning does not weigh sufficiently the needs and rights of all 

the students who do not benefit, including those who go on to become elementary and 

high school science teachers.   
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The second and probably most important reason this approach is not strongly 

challenged is that alternative approaches are still in the early stages of development (Dori 

et al 2007).  Furthermore, any alternative approach would have to improve qualitative 

understanding without reducing the number of topics that are currently covered.  Turning 

introductory E&M into a two-semester sequence is not an option since it would require 

restructuring entire degree programs. 

The findings of my research support improving instruction in the following ways: 

Restructuring courses around the concept of the electromagnetic field: None 

of the novices and only a few of the experts in training showed a strong understanding of 

inductance, magnetic energy, magnetic pressure, and, for the most part tended not to 

approach problems in terms of fields.  My findings in this area support the proposals for 

restructuring E&M classes so as to make the electromagnetic field a central and unifying 

concept (Chabay & Sherwood 2006).  In the way magnetism is currently taught, the 

magnetic field is treated a means to other ends, such as finding forces on charged 

particles.  Herrmann (1989) provides examples of how the EM field can be presented as a 

system in its own right to beginning students. He describes how local quantities like 

magnetic energy density and magnetic pressure can be put into the foreground without 

getting into details of the Maxwell stress tensor.  

Write course material from the cognitive perspective of novice learners: Most 

of the novices had mental models that were based on gist recollection of demonstrations, 

textbook problems, and equations.  Gist memories are the result of students attempting to 

make sense of new information without an adequate framework for making sense of the 

information.  Students starting off with a limited understanding of E&M are thus likely to 

focus surface features, which are more understandable.  So, for example, students 

remember features of equations (“I remember it had an integral in it”) rather than the 
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equations or what the equations describe.  This suggests that teaching methods and 

textbooks should be developed with a better appreciation for the cognitive perspective of 

the novice learners.  The formation of mental models based on gist memories emerged as 

a key finding in my study; this is but one of many cognitive processes that have been 

identified in beginning learners.  In the short run it should be possible to develop 

supplemental reading for beginning students that build on research in the education 

literature on cognitive resources that students use to make sense of new information (di 

diSessa, 1983, Bereiter 1985, Hammer 1994, Hammer 1995).  Another source for 

supplemental reading might be non-mathematical books on physics such as those used in 

physics-for-poets classes, and books about physics for the general public. 

Present students with complex problems that they cannot solve 

mathematically:  In many of the interviews with the novices I had the impression that 

talking and thinking about physics in qualitative terms was a completely new experience 

for them. Furthermore, even though my problems were conceptually accessible to them, 

they were not able to connect to simpler yet conceptually equivalent problems that they 

were familiar with.  If we are to start teaching students to think qualitatively, we need to 

develop problems that solidify conceptual understanding and provide students with 

practice in thinking about physics like physicists.  In many cases it would be sufficient to 

have students identify what the dominant mechanisms might be and predict what a 

system would do.  These conceptual problems would complement but not replace the 

traditional part of the course.   

Test for qualitative understanding:  As long as students continue to be judged 

on how well they solve quantitative problems there will be little incentive for them to 

embark on the cognitively demanding task of developing more sophisticated mental 

models.  The current approach to assessment creates a strong incentive for students to 
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remain at a very basic level of conceptual understanding, and focus instead on 

mathematical manipulation of variables.  The current approach to assessment is to test for 

what they know.  Teaching for qualitative understanding might require reframing this and 

test for what they do not know through the use of essay questions oral examinations.  

 

 

 



  

Appendix 1: Summary of the Instrument, version 2.5 

MS2  Consider a solenoid suspended above a conducting plate as shown below. 
In setting up the problem I explain that there is a one-turn solenoid suspended above a 
finite copper plate.  Both the solenoid and the copper plate are stationary.  The solenoid 
has a steady (d.c.) current, which has been on for a long time. 
 

 
 
a) What do the magnetic field lines look like if the coil is stationary?  
  
A:  Field lines for the solenoid are  

• approximately uniform in the 
interior of the solenoid  

• have the greatest magnitude 
(density of field lines) in the 
interior 

• diverge at the mouth of the 
solenoid,  

• extend beyond the solenoid and 
the plate (to infinity) 

• are continuous, and reconnect 
at the other end of the solenoid 

• drop off in strength (density of 
field lines) with increasing 
distance.  

• The right hand rule helps find 
the direction of the B vector. 
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On the long time scale of this problem, the conducting plate does not affect field 
distribution.  This is because any currents that might be induced in the plate when the 
solenoid is first energized (and whose effect would be to reduce the magnitude of the 
field), have decayed to zero due the finite resistance of the plate. 
 
b) What do the magnetic field lines look like if the plate is a perfect conductor?  
 
 
A:   If the plate is a perfect 
conductor, induced currents will 
persist forever.  This precludes 
field lines from diffusing into the 
plate regardless of when the 
solenoid was energized, and has the 
effect of causing the field lines 
directly above to plate to compress, 
without penetrating the plate.  The 
density of the field lines directly 
below the solenoid is greater than 
that of the field lines above the 
solenoid due the asymmetry caused 
by the plate.  
 
c) What do the magnetic fields look like if the plate is made of iron?  
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A: The field lines dive (or are 
sucked) into the iron nearly normal 
to the iron. 
 
 
 
 
 
 
 
 
d) What are the forces and stresses (pressures) for the three cases above? 

 
A: In case (a) there is no force between the plate and the solenoid since there is no 
current in the plate to interact with magnetic field. 
In case (b) the solenoid and the plate repel, as a result of undamped image currents.  This 
is the same effect that allows small superconductors to be suspended above dc magnets. 
In case (c) the solenoid and the plate attract, just as any magnet would attract a piece of 
iron nearby. 



 
In all three cases the solenoid is under axial compression and hoop stress.  This can be 
demonstrated by using the right hand rule to determine the forces on the individual 
current elements in the solenoid. 
In cases (b) and (c) there are stresses on the plate, but these require more information 
[about how the plate is constrained] than is provided in the problem. 
 
 
Questions not analyzed: 
 
e) Describe the field lines and the forces if the coil is rotated with a constant angular 

velocity w, for cases a, b, and c? 
 
f) Sketch torque on the plate as a function of rotational speed for the three cases listed 

above. 
 
g) What would be the torque on a copper plate if the solenoid shown below was rotated 

about its axis? 
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L2. Self-inductance. 
 

a) What is a definition of self-inductance?   Can you think of other definitions? 
 

• Inductance is the L in the equation E=Ldi/dt.  
• Inductance is something that resists a change in current.  
• Inductance is the amount of magnetic flux generated per current in a circuit 

element: L=φ/I.  
• Inductance is related to the number of field lines enclosed (that is, the flux linked) 

between the terminals of a circuit element.  
• Inductance is related to magnetic energy, or more precisely: 

2

0

21
2 2

B dVolLI μ= ∫ .  
 

b) How do these affect inductance: Size? Shape? Material composition? 
 

• Size: In general, bigger correlates with greater inductance.  However inductance 
remains constant if size is scaled linearly across all three dimensions. This fact is 
implicit in the equation for the inductance of a solenoid given in most college 
intro E&M books.  However, it is easily overlooked unless one has spent time 
sizing inductors.  

• Shape: Shape has a strong effect on inductance.  Increasing area and number of 
turns increases inductance.  

• Material Composition: Material composition does not have a great effect 
inductance, except for when magnetic materials, like iron, are used, which 
increase inductance.  To first order electrical resistivity has a negligible effect on 
inductance. At very high frequencies, however, resistive materials have slightly 
more inductance than strongly conducting materials on account of differences in 
the skin effect. 

 
c) How would you calculate the self-inductance of a conductor? 
 
• Use a formula for the given geometry.  This requires knowing that there are 

formulas for computing inductance.  Simple formulas, such as for the inductance 
of a long thin solenoid, are given in Intro E and M classes.  Formulas for more 
complicated geometries are catalogued in specialized tables. 

• Integrate the value of |B|2 over all of space and equate the total magnetic energy 
of the system to the formula for energy based on inductance: 

2

0

21
2 2

B dVolLI μ
⏐ ⏐= ∫ .  

• For an assumed current, compute the flux linked between the terminals of the 
inductor and divide that by the value of the current.  

• Working from the definition the equation E=LdI/dt, one could measure the 
voltage and current across and inductor in a circuit where current is changing, 
then back out a best fit value for L.  Strictly speaking, this is an experimental and 
not computational approach. 
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L1. LRC circuit with various objects placed inside the solenoid. 
 

 
a) Sketch the current as a function of time 
 
A: Current starts at zero and increases until it reaches a peak value, then it either decays 
(for critically and overdamped values of LRC), or oscillates within an exponentially 
decaying envelope (for underdamped values of LRC).  In either case current is initially 
increasing. 
 
 
Questions not analyzed: 
 
b) What do the field lines look like in the solenoid? 
 
c) If we put a piece of copper inside the solenoid (but not touching or shorting the 

windings) how does L change? How does the current change? 
 
d) If we put a piece of iron inside, how does L change?  How does current change? 
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e) What are the forces felt on the objects placed inside the solenoid (sketched below) 
immediately after switch S1 is closed if the objects are made of i) copper? ii) iron? 

 



MS 1.  Consider a dc current directed into the page (long thin wire approximation). 
 
Wire with square cross section 
 

 
 
a) What does the magnetic field look like inside and outside the wire (can start with a 

circular wire)? 
b) How does the field change with distance? 
 
A: In the case of a circular wire, the magnetic field lines are concentric circles. The 
magnitude of the field is zero at the center of the wire, increases linearly to⎥B⎢=µ0I/2πR 
at the radius, R, of the wire, and drops or as⎥B⎢=µ0I/2πr for r>R.  This solution is 
obtained by a straightforward application of Ampere’s Law. 
 
In the case of the square wire, the field 
lines are approximately concentric 
circles (as shown in the numerical 
solution below), however, none of the 
field lines are perfect circles. In this 
case, Ampere’s law cannot be directly 
applied; however, one can break the 
problem up into the superposition of a 
central round wire that inscribes the 
square wire, and four smaller wires at 
the corner.  Ampere’s law can be 
applied to each of these current 
elements to approximate the resulting 
field. 
 
 
f) Is there a net force on the wire?  A pressure on the wire? How would you calculate 
these? 
 
A: There is a pressure on the wire of B2/2µ0.
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Questions not analyzed: 
 

c) What is the relationship between the magnetic field (induction) and the magnetic 
flux? What are common units for each? 

 
d) What will happen to a stationary electron released from a distance R away from the 

wire?  A distance 2R? 
 
e) How is current/charge distributed in the wire?  How does this reconcile with the 

picture of charges residing on the surface of conductors in electrostatics?  
 



ECB1. Magnet dropping through metal tube. 
 

 
 
a) Explain what happens when a permanent magnet is dropped through a metal tube. 

What do the field lines look like? 
b) Does the thickness of the tube affect the rate at which the magnet falls? 
 
A: The conducting tube will act as an eddy current brake on the 
magnet and cause the magnet to fall more slowly than would 
otherwise. The magnetic field lines look like those of a 
solenoid, but slightly deformed.  In the case of a perfectly 
conducting tube, the field lines are squashed into the air gap 
between the magnet and the tube, and there are no field lines in 
the tube (as shown in the sketch).   In the case of a conducting 
tube the field lines penetrate somewhat into the walls of the 
tube.   The changing magnetic field seen by the tube induces 
two azimuthally circulating current.  The retarding force comes 
from the interaction of these currents and the field of the 
magnet. 
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c) Does the thickness of the tube affect the rate at which the magnet falls? 
 
A: The thickness of the tube affects the rate at which the magnet falls insomuch as a 
thicker tube is less resistive than a thinner tube and as such sustains stronger currents 
which, in turn exert greater retarding forces on the magnet. 
 
d) Does the electrical resistivity of the tube affect how fast the magnet falls? What 

happens if the tube is a perfect conductor? 
 
A: The electrical resitivity of the tube affects the rate at which the magnet falls insomuch 
as a more resistive tube will produce less current, which in turn will exert less retarding 
forces on the magnet. 
 
 
Questions not analyzed: 
 
e) Will a thin axial slit in the tube change the speed at which the magnet drops a lot or a 

little? Why?  



EC2. Eddy currents in solid vs. laminated conductors 
 

 

x x x x x x x x x x x x x x x x x x x x 
x x x x x x x x x x x x x x x x x x x x 
x x x x x x x x x x x x x x x x x x x x 
x x x x x x x x x x x x x x x x x x x x 
x x x x x x x x x x x x x x x x x x x x 
x x x x x x x x x x x x x x x x x x x x 

Top view 

Side view uniform magnetic field 

laminated 
conductor 

solid 
conductor 

v v 

v v 

laminated 
conductor 

solid 
conductor 

 
 
 
 
 
a) What will happen when the conductors enter the uniform magnetic field? 
 
A: As the conductors enter the uniform magnetic field, circulating currents will be 
induced in the plates.  The interaction of the circulating currents with the magnetic field 
produce a retarding force on the plate. 
 
 
Questions not analyzed: 
 
b) Sketch velocity as a function of time. 
 
c) How will the behavior of the laminated conductor be different from that of the solid 

conductor? Why? 
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CF1.  Resistance-less series circuit where one of the conductors has a mass m, and is in 
sliding electric contact with the rest of the circuit.   Neglect friction and assume the 
circuit is oriented vertically as shown in presence of the earth’s gravity. 

i i 

i

i

m 

 
a) Indicate all the force present in the system. 
 
A: In addition to the gravitational force on the mass m, there is an outward (or bursting) 
force on all the conductors. 
 
 
Questions not analyzed: 
 
b) Is it possible for the system to be in equilibrium?  Why or why not? 
 
c) If the system is not initially at equilibrium, describe what will happen to the mass and 

to the current. 
 
d) What quantities are conserved (that is, stay constant) in this problem?  charge, 

current, B, flux, energy? 
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ES 1.  Consider a conducting sphere suspended above a copper plate.  The sphere 
has a positive electric charge, q. 

 
 
 
Questions not analyzed: 
 
a) Draw the electric field lines? 

 
b) Draw the potential surfaces? 
 
c) How would the picture change if the plate were made of ferromagnetic steel?  
 
d) What if the plate is made of a dielectric material with ε = εo? 
 
e) What if the plate is made of a dielectric material with ε > εo? 
 
f) Are there forces exerted on the sphere for each of these situations? 
 
g) Where would you release a negatively charged particle so that it hits the plate? 
 
h) Can you tell me why the field lines must be perpendicular to the surface of the metal? 

(that is, what would happen if they weren’t). 
 
i) Is there a magnetic field anywhere in this problem? What would you have to do to 

create a magnetic field? 
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