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Electrostatic potential energy is a topic of great difficulty for many students. In this paper, we empirically
test the utility of two approaches for laying a foundation for developing an understanding of energy in an
electrostatic context, with interdisciplinary relevance. We examine student responses to a question about
how the potential energy of a system of two attracting ions varies with distance (the “ions” task), and
investigate how these responses change after students have been exposed to either a question designed to
help them think about gravitational potential energy or the potential energy of a system of two attracting
magnets. We found that performance on the ions task improved for those students who were prompted to
think about the gravitational context, while it did not change for those who considered the magnets. The
results are interpreted using dual-process theories of reasoning and decision making, and implications for

instruction are discussed.
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I. INTRODUCTION

Many students who take physics courses do so in
preparation for other fields of study, such as chemistry,
biology, or engineering. Thus, topics that are common
across these disciplines are of particular importance within
the physics curriculum, as they provide much-needed
opportunities for students to apply physics concepts in
other disciplines [1]. Energy is an example of a topic of
fundamental importance to many scientific disciplines.
In particular, the energy changes associated with electro-
static interactions provide a foundation for several topics
throughout introductory curricula in many sciences. For
instance, numerous important topics throughout the chem-
istry curriculum involve the interaction of charged or
partially charged species. An understanding of the origin
of the energy changes associated with these chemical
interactions provides the foundation to explain observa-
tions during processes such as phase changes and chemical
bonding [2]. Potential energy is of particular importance in
interdisciplinary contexts. As Cooper and Klymkowsky
assert, “an accurate working understanding of potential
energy is a prerequisite for understanding chemical energy
or indeed any energy changes associated with bonding or
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intermolecular forces.” [3]. A functional understanding of
these energy changes can also be extended to more
complex processes including those in biological systems
[3]. It is well known that supporting students’ under-
standing of electrostatics and particularly energy in
electrostatics can lead to improvements in performance
in physics and chemistry courses [4,5]. However, research
in physics education as well as in chemistry education
reveals that many students do not begin with a solid
understanding of energy in general and electrostatic
potential energy in particular [2,6-9].

The work described in this paper draws upon other
physics concepts to help students answer a question
about electrostatic potential energy in the context of
a college chemistry course. The importance of interdisci-
plinary connection making is highlighted by the Next
Generation Science Standards (NGSS), which treats energy
as a both a core concept and one that cuts across the STEM
disciplines [10]. The NGSS emphasize the development of
a coherent understanding of energy changes across differ-
ent scales and disciplinary contexts, treating all energy as
either energy of motion (kinetic energy) or energy stored in
fields (potential energy). Researchers in the fields of
physics and chemistry education research have similarly
expressed a need for interdisciplinary collaboration in
the investigation of student understanding of energy as
well as in the development of curricula to support student
learning [11-13].

In previous work, we had demonstrated some success at
improving student performance on questions about the
potential energy of a system of two interacting charged
particles by drawing student attention to a situation
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involving potential energy in the context of gravity [7]. The
attempt to develop an understanding of new content by
making connections to existing knowledge is a technique
well established in the educational research literature
[14,15]. A gravitational approach, such as the one used in
our previous work, is commonly employed as an introduc-
tion to electrostatic potential energy by both introductory
physics and general chemistry textbooks [16—19]. However,
the translation between the near-Earth macroscopic scale at
which gravitational potential energy is typically treated and
the microscopic scales of interacting charged particles is not
necessarily obvious for many students [3]. An alternate
choice to connect to many students’ lived experience
would be the potential energy associated with a system of
two magnets. Although “magnetic potential energy” is not
commonly taught explicitly in introductory physics courses,
it is used to introduce ideas related to potential energy in
some curricula for teachers [20]. Moreover, many reports
from instructors and students, as well as our own informal
observations, note that magnets are commonly used as an
analogy for electrostatic or chemical interactions [5,21,22].

Different representations and analogies used to teach
can lead to measurable differences in student responses
and reasoning [23]. While both gravity and magnets are
commonly used to introduce students to the energy ideas
necessary for building an appropriate understanding of the
energy of electrostatic interactions, we are not aware of any
study in either the physics or chemistry education research
literature that formally analyzes the utility of either the
gravitation or the magnets analogy for understanding the
potential energy of an electrostatic interaction, nor are we
aware of any studies that attempt to empirically compare
the effectiveness of the gravitational and magnetic anal-
ogies. The focus of this paper is to do just that. In this work,
we attempt the following:

(1) to empirically determine whether near-Earth gravi-
tational examples can serve as an appropriate foun-
dation for the learning of potential energy in
electrostatic contexts;

(2) to compare the effectiveness of examples involving
magnetism to those involving near-Earth gravity; and

(3) to begin to examine why specific examples might be
helpful using the theoretical framework of Dual
Process Theories of Reasoning.

II. BACKGROUND

A. Research on energy instruction

Potential energy is a complicated concept. Previous work
[6,7] has shown that a question as simple as relating
changes in potential energy to the distance between two
oppositely charged particles can be very difficult for
students. Many students conflate the potential energy of
the system with the force that the ions exert on one another,
or apply an equation (U = k,q,¢q,/d) to conclude that

increasing the distance between two objects must decrease
the potential energy, without recognizing that for attracting
ions this potential energy has a negative value. Formally,
the potential energy of the system becomes less negative as
the separation distance increases. Research has already
shown that many students reject the possibility of negative
potential energy [24], which is difficult to reconcile with a
substance metaphor for energy [25].

One way students can be supported in learning these
often new energy concepts is by building on pieces that
students already understand [7,14,26,27]. In many cases,
this may be done by analogical mapping of the unfamiliar
domain onto a familiar domain [28]. Indeed, the analogies
that students use have been shown to relate to the reasoning
and inferences that they generate in physics [29-31].
However, when analogies are used unsystematically, they
can drive confusion and misconceptions [31,32]. Evidence
suggests that it is primarily the relationships between
objects, rather than attributes of the objects themselves,
that are mapped between domains [33]. Thus in the
teaching of the atom, a solar system analogy is frequently
used, with a main focus being on the attraction between the
sun and the planet and its similarity to the attraction
between a nucleus and an electron [29,31,33].

With respect to introducing the concept of electrostatic
potential energy in both physics and chemistry, many
textbooks draw an analogy between electric potential
energy and gravitational potential energy [16—19,31]. For
example, a common macroscopic scenario, like a ball on a
hill, that illustrates near-Earth gravitational interactions
is presented. Not only is this type of scenario familiar
to students, but students who have taken a basic mechanics
course would have received formal instruction on the kinetic
and gravitational potential energy of such scenarios [34]. It
should be noted that the mathematical treatment of potential
energy for universal gravitation (U = —Gmm,/d) and
electrostatic attraction (U = k,qq,/d) is nearly identical.
However, for near-Earth scenarios, students are often drawn
to the equation U = mgh when considering potential energy
thus obfuscating the similarity in mathematical treatment
between these two scenarios [7]. Thus, it is unclear what
benefit, if any, students derive in terms of their under-
standing of microscopic, atomic-level electrostatic inter-
actions from the analogy to near-Earth gravitation [3].

Research in chemistry education has demonstrated
improvements in understanding and the application of
energy topics when students are engaged in a revised
curriculum built upon scaffolded progressions and empha-
sizing energy as a core course topic, reflective of the NGSS
recommendations [5,35,36]. These reformed courses, in
part, take advantage of the “bottom-up framework” by
Nahum [37]. This framework introduces a coherent view of
energy from the atomic to the macroscale and emphasizes
the Coulombic forces between individual atoms prior to
introducing bonding. By emphasizing electrostatic forces
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as the basis of chemical interactions, students are provided
a simple framework upon which further learning can be
built [15,38]. In this bottom-up approach, bond types are
introduced as a continuation of this single concept that can
then be used as a foundation for explaining molecular
structure and chemical properties. However, even at its
most fundamental level, this approach requires some
understanding of electrostatic interactions and their rela-
tionship to force and potential energy [38]. Glossing over
these details in instruction can lead students to adopt
alternative explanatory frameworks that are inconsistent
with much of the content they are expected to learn later
[39]. Thus, by seeking to help students improve their
understanding of electrostatic potential energy, we aim to
lay a solid foundation on which a deeper understanding of a
great many phenomena can be built.

B. Theoretical framework: Dual-process
theories of reasoning

In this study, we draw upon dual-process theories of
reasoning [40—42] to understand patterns of student
responses and guide approaches to instruction. These
theories are receiving increased interest as a way of making
sense of inconsistent student response patterns observed to
physics questions involving many topics, including capaci-
tance [42,43], static friction [44], and buoyancy [45].
According to dual-process theories, people engage in
two distinct cognitive processes when reasoning or making
decisions. The first process, known as “type 17 or the
“heuristic process,” is fast, automatic, and intuitive. The
other process, known as “type 2” or the “analytic process”
is slow, deliberate, and reflective. Type 1 reasoning does
not require controlled attention, while type 2 reasoning
makes heavy demands on the working memory [46].
Research has shown that in many cases, students will give
a quick, intuitive response even in situations in which they
have previously demonstrated mastery of the necessary
content [42-45]. In many cases, the response generated by
type 1 reasoning will be strongly cued by specifics of the
task, including how the question is posed and how students
are framing the task at hand. In this sense, the response
generated by the intuitive process may be consistent with
the “knowledge in pieces” framework by diSessa [47].
Dual-process theories account for this behavior by sug-
gesting that when attempting to answer a question, the
heuristic process will generate a response, which the
analytic process evaluates. However, the analytic process
tends to accept the response generated by the heuristic
process unless it finds a compelling reason to reject it (the
“satisficing principle”) [40]. Thus, responses generated by
the heuristic process—which may involve reasoning short-
cuts and other reasoning biases—tend to be the default
responses, particularly in cases of limited time or limited
knowledge [41]. In defining a set of ten heuristics that
frequently arise when students reason in chemistry,

Talanquer writes: “we must find ways to help students
build a more robust and coherent knowledge structure on
which they can rely when making decisions.” [41].

It should be emphasized that only if the analytic system
is placed on alert, and recognizes a compelling reason to
reject the first available response, will the first available
response be rejected. Evans explains, “In studies of concept
learning and inductive reasoning, it is clear that people
formulate one hypothesis at a time and test it positively
until or unless evidence is encountered that forces them to
give it up.” [40]. Thus, the process of helping students to
build more appropriate knowledge structures, as Talanquer
advocates, can be seen as the process of identifying
effective approaches for helping students reject incorrect
first-available responses. In this work, we use student
responses to a set of online questions to identify an
intuitively appealing (but incorrect) idea about potential
energy that is common among a large proportion of
introductory students. We then empirically test two differ-
ent interventions to see if either is more successful at
causing students to revise their original response. Thus, this
work provides empirical insights into what content can
serve as the best foundation for the knowledge structures
about energy across the science disciplines.

II1I. METHODOLOGY

A. Research setting and student population

Data were collected from students enrolled in Problem
Solving in Chemistry, an optional one credit support
course taken concurrently with the first semester of
General Chemistry at a large public university in central
Pennsylvania. While this course is intended for students at
risk for failing General Chemistry, those students who
complete the support course have a similar average and
distribution on the cumulative final exam to the full General
Chemistry population [48], suggesting that at least by the
end of the semester (when our study was conducted) the
population of students in Problem Solving in Chemistry is
comparable to of the General Chemistry population.
Approximately 60% of students had completed a high
school physics course. Only 20% had completed a college-
level physics course (including 15% who had taken AP or
IB physics in high school). Approximately 20% of the
sample had never taken any prior physics course. This
population thus can provide insights into the learning of
students who are entering their first college physics course.

B. Research instruments

This study uses a pre- and posttest design with a target
question (referred to as the “ions” question) asked
twice, with an extremely minor educational intervention
presented in between. The entire package (pretest, inter-
vention, and post-test) was administered to students in the
form of an online “survey” during the thirteenth week of a
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fifteen-week semester. All course topics with the exception
of calorimetry and an introduction to equilibrium had been
completed and tested. Administration of the surveys in an
online format allowed us to sample a larger student
population than had been available in our prior study.
Furthermore, since each question (pretest, intervention, and
post-test) was posed on a single page of the survey, students
could be required to provide a response before continuing
to the next question. Once any of these questions had been
answered, students were not able to return to or edit their
previous responses. From the fall of 2014 to the spring of
2017, several versions of this online survey were developed
to address different research questions. In each of these
semesters, students were randomly assigned to a single
version of the survey through a link in the course
management system. The surveys were made available
for one week, and a small amount of homework credit was
awarded for survey completion. Providing a small amount
of credit has been shown to help ensure that the perfor-
mance of the subset of students completing an online
assessment is similar to what would be obtained if the
assessment were administered on paper in class [49]. All
research activities for this study were deemed “exempt” by
the Penn State Institutional Review Board, and those
students who did not consent to have their data included
in the study have been excluded from the analysis. The
surveys were typically completed by about 75% of students
enrolled in the course; of those, typically between 5% and
15% of students completing the survey did not give consent
to be included in the data sample. Thus approximately 65%
of students enrolled in Problem Solving in Chemistry
during the time in which the study took place completed
one of these surveys.

Altogether, seven distinct surveys were developed with
the primary goal of investigating whether student responses
to a question about potential energy in an electrostatics
context could be swayed by exposure to questions about
potential energy in other contexts. All of the questions on
these surveys had been used in interviews, most of which
are reported in detail in a prior study [7]. On the basis of
these interviews, we have evidence that questions were
being interpreted as intended.

All seven survey versions had a similar form including
an identical first question, the ions question, that is used to
establish a baseline for student performance (Fig. 1) [7].
For this question, students were provided multiple-choice
options about which ion configuration has a greater
potential energy, and were also required to explain the
reasoning for their answer in a text box. The correct
response is that the ion configuration has a greater potential
energy in configuration (b). One way to arrive at this
response is to recognize that if the ions were released from
rest in each position and allowed to accelerate toward one
another, they could gain more kinetic energy if released
from the position in (b) than they could from the position

® ()
(a)

FIG. 1. The ions question. Students were asked, “Which figure
has a greater potential energy?” with answer choices “Figure a
has a greater potential energy”; “Figure b has a greater potential
energy”; “Both figures have the same potential energy”; and

“Impossible to determine.”

©

(b)

in (a). This first instance of the ions question will be
referred to as the “initial ions” question.

Students then answered intervening questions (represent-
ing an educational intervention), which differed depending
on the survey version they were assigned. Indeed, the only
difference between different survey versions lies in these
intervening questions. Each of the intervening questions on
every survey version was designed to allow students to
reflect on the idea that the potential energy for a system of
two attracting objects is greater when the objects are at a
larger separation.

This paper will focus on two versions of the survey: the
“gravitational” version and the “magnetic” version, which
address our primary research question. Other versions of
the survey will be discussed in a future manuscript. In the
gravitational survey, the initial ions question was followed
by the “books” question, shown in Fig. 2. In this question,
two identical books are on shelves at different heights
above the Earth. Students were again asked a multiple-
choice question as to which configuration has a greater
potential energy and also to explain the reasoning for their
choice in a text box. The correct response is that the book
on a higher shelf, book C, represents the configuration with
a greater potential energy. In the magnetic version, rather

I

x

FIG. 2. The books question. Students were asked, “Which
configuration, if either, has a greater potential energy?” with
answer choices “The configuration with the book on the shelf at
height C has greater potential energy”; “The configuration with
the book on the shelf at height D has greater potential energy”;
“Both configurations have the same potential energy”; and

“Impossible to determine.”
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t,: magnets are held so that they
attract one another.

M M

t,: Magnet 2 has been pulled to the right

FIG. 3. The magnets question. Students were asked, “Between
t, and t,, does the potential energy of the two-magnets system
increase, decrease, or remain the same?” with answer choices
“Between t; and 1,, the potential energy increases”; “Between 1,
and 1,, the potential energy decreases”; “Between #; and 1,, the
potential energy does not change”; and “Impossible to determine.”

than seeing the books question students were presented
with the “magnets” question, shown in Fig. 3. In this case,
students were asked whether the potential energy of the
two-magnet system increases, decreases, or remains the
same between #; and ¢,. (They were also given the option of
indicating that it was not possible to determine an answer.)
In this case, the correct response was that the potential
energy increases as the magnets are moved farther apart.
Students were again asked to explain the reason for their
response to the previous question. We hoped that students
would recognize that each of the questions (ions, books,
and magnets) involved potential energy in a situation where
attractive forces are acting.

As a post-test, students then had an opportunity to revisit
the ions context and again decide which configuration had a
greater potential energy. (This will be referred to as the final

“Books”
question .

. L . (Fall 2014 What caused
gravitational E End of Survey) the change?
survey B Yes

. D .
“Initial Ions” —_— “Final Ions”
uestion uestion
q q Did your
the “intervening . - answer
© [ questions” © u (2015 -2017)|  change?
© ©
“Magnets”
question Do you see any
No

“magnetic”

survey M

ions question). In the very first semester that the survey was
used, the survey ended at this point. In all subsequent
semesters, after completing the final ions question, students
were asked to indicate explicitly whether their answer or
reasoning to the question had changed. If they indicated
that their answer or reasoning had changed, survey logic
directed them to a multiple-choice (yes or no) question as to
whether the intervening question (books or magnets) had
been the cause of that change. If, on the other hand, they
indicated that their answer had not changed, they were
directed to a multiple-choice (yes or no) question about
whether the ions question bore any similarities to the
intervening questions. In all cases, they were asked to
explain their answer in a text box. The overall survey flow
for survey versions included in this manuscript is repre-
sented in Fig. 4.

The books and magnets questions are not isomorphic.
Indeed, there are several differences between them that we
expect would be meaningful to students. For one, the
magnets question involves one system at two different
instants, whereas the books question involves two separate
systems. In the magnets question, there is an active agent
inputting energy into the system, whereas the mechanism
by which the books come to be resting on their shelves is
obscured. Finally, in the magnets question, the two inter-
acting objects that make up the system for which potential
energy is being analyzed are explicit. In the books question,
the potential energy correctly is associated with a system
consisting of each book and the Earth [50]. The role of the
Earth in this system, however, is unlikely to be obvious to
students [8]. Examining the wording of the questions,
however, it is worth noting that the language used in the
books question was very similar to that used in the ions
question, whereas the language of the magnets question
differed substantially.

similarities between
the ions and
the books/magnets?

FIG. 4. Overview of the survey flow for the two versions addressed in this paper.

010120-5



LINDSEY, NAGEL, and SAVANI

PHYS. REV. PHYS. EDUC. RES. 15, 010120 (2019)

TABLE 1.

Results from the initial and final ions questions for both the gravitational and the magnetic survey versions.

% of students responding correctly (95% Wald C.1.)

Survey version N (a) Initial ions question

(b) Final ions question

(c) Shift from initial to final (95% Wald C.1.)

Gravitational 157
Magnetic 105

29% (22%-36%)
36% (27%45%)

45% (37%-53%)
33% (24%-42%)

+16% (+9%— + 23%)
—3% (—11%—+ 5%)

IV. RESULTS

A. The “initial ions” question

Student performance on the initial ions question was
typically poor, indicating that some intervention on this
topic is warranted. This is consistent with results previously
reported for a similar question [7] and provides the primary
motivation for this study. Over six semesters and all survey
versions (N = 850 students), on average only 33% of
students respond correctly that the potential energy of
the system is greater in configuration (b) (95% C.I. based
on the variances of the six samples: 30%-36%). This
performance is somewhat better than has previously been
observed in a General Chemistry course at a small regional
campus of a large state university [7], but on par with
results reported in an Introductory Physics course [6].
Students responding incorrectly generally selected configu-
ration (a) as having the highest potential energy. This
response was typically given by 64% of respondents
95% C.I.: 61%-67%). When asked to explain their
reasoning, 50% of the students cited only the distance
between the ions with no further explanation. However,
those students who did say more followed previously
reported trends [6,7], with both the force between the ions
and the Coulomb’s law equation being commonly refer-
enced. Students also had the option of responding that the
potential energy was the same for both configurations, or
that it was not possible to determine which configuration
had a greater potential energy, but the percentage of
students selecting either of these options was typically
small (“both”: mean 3%, 95% C.1. 2%—5%; “impossible to
determine”: mean 1%, 95% C.I. 0%—1%).

Performance on the initial ions question, which was
identical in every version of the survey, was similar over the
course of six semesters. To verify this, a chi-square test of
independence was conducted [51]. The chi-square test
examines whether there is an association between some
measure (in this case, correctness on the initial ions
question) and some grouping of the subjects. In this case,
students were grouped by semester and version of the
survey they had completed (e.g., one such group would be
“Fall 2015, gravitational”). The chi-square test assumes
that groups are independent, that the measure being tested
has at least two independent and exhaustive values (in this
case, correct or incorrect on the initial ions question are
considered independent because no student could be both
correct and incorrect in their response, and they are

exhaustive because no student could be classified as
something other than “correct” or “incorrect”). Finally,
the expected population in any given category (such as,
incorrect students on the Fall 2015 gravitational survey)
cannot be smaller than 5 students. All of these assumptions
were met, and the test reveals no significant difference
between the groups in performance on the initial ions
questions. Thus, the student populations were deemed
identical and students who had responded to the same
version of the survey in different semesters were grouped
together where applicable.

To compare only students completing the gravitational
and magnetic versions of the survey, we treated each
instance of the ions question as a binary-response variable
(coded as “1” if a student responded correctly and “0” if a
student responded incorrectly to the question), and calcu-
lated the 95% Wald C.I. [51] (based on the normal
approximation to the binomial distribution) for the perfor-
mance on the initial ions question for each survey version.
Results are shown in column (a) of Table L.

B. The final ions question

Student performance on the final ions question differs by
survey version. Performance on the final ions question on
the gravitational survey represents an improvement over
their performance on the initial ions question [see column
(b) of Table I]. An exact McNemar test (a nonparametric
test which tests for changes in proportion of paired
dichotomous nominal data) [52] was used to assess the
significance of this difference. The McNemar test indicates
that the difference is significant, p < 0.001, with an odds
ratio of 6 (i.e., students were 6 times more likely to shift
from an incorrect answer on the initial ions to a correct
answer on final ions than vice versa). On the magnetic
survey, performance on the final ions question appears
slightly worse than on the initial ions question [see column
(b) of Table I]. An exact McNemar test suggests, however,
that this difference is not statistically significant
(p = 0.629), with an odds ratio of 0.7.

C. Comparing changes from the initial
to the final ions question

The overall performance of students on both the initial
and final ions questions is shown in Fig. 5. Although it is
clear that a large majority of students respond identically to
both the initial and final ions (responding either incorrectly
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100%
90%

]

80%
70%
60%
50%
40%
30%
20%
10%

0%

Gravitational Magnetic
(N=157) (N =105)

Survey Version

m Didn't change: Both initial and final incorrect
m Didn't change: Both initial and final correct
Changed from incorrect initial to correct final

® Changed from correct initial to incorrect final

FIG. 5. Overall performance of students on the combination of
the initial and final ions questions, indicating how individual
students changed their answers (or failed to do so) on each
version of the survey.

on both or correctly on both), there is evidence from the
figure and from Table I for a difference in the final outcomes
based on survey version. To verify this difference, we
computed a “change in answer” score for each student.
Each student was scored as “0” if they answered either
correctly on both initial and final ions questions, or incor-
rectly on both questions. A student was scored as “1” if they
answered incorrectly on the initial ions question, but gave a
correct response to the final ions question. Finally, a student
was scored as “—1” if they initially responded correctly but
changed their response to an incorrect answer on the final
ions question. On average, the change for the gravitational
survey was 0.16 and for the magnetic survey was —0.03.
By applying the Mann-Whitney U test (a nonparametric
test that compares the rank order of scores between two
independent samples), [53] we are able to determine if the
distribution of the “change in answer” scores differs based
on survey version. Results of the test suggest that the
survey versions do indeed differ (Mann-Whitney
U=6776; p = 0.001, r = 0.2—a small to medium effect).
To estimate the size of the effect, we calculated separate
confidence intervals for the shift in performance on the ions
question for the gravitational and magnetic survey versions,
treating the results for the initial and final ions questions as
dependent samples. These shifts are shown in column (c) of
Table I. The difference in shifts between the two survey
versions, treating the groups of students completing each
survey version as an independent sample, is 18%
(95% C.1.: 8%—29%). This suggests that students complet-
ing the gravitational version of the survey are more likely to
shift from an incorrect answer to a correct answer than
students completing the magnetic version of the survey.

TABLE II. Performance on the books and magnets questions.
Values in parentheses indicate the associated number of students.

% of students responding correctly (N)

Among those ~ Among those
who responded who responded
correctly on  incorrectly on

Overall initial ions initial ions

Books question  78% (122) 85% (39) 75% (83)
(N =157)

Magnets question 36% (38) T4% (28) 15% (10)
(N = 105)

D. The intervening questions: books and magnets

Performance on the intermediate questions may provide
insights into the performance differences on the final ions
questions. On the gravitational survey, 78% of students
responded correctly that the system has a larger potential
energy when the book is on a higher shelf (see Fig. 3). To
test whether the books task is independent from the initial
ions task, we use Fisher’s exact test. This test is an exact
(i.e., not based on approximating a distribution) test of the
independence of two different classifications for data (i.e.,
data that can be represented in a 2 X 2 contingency table
such as the two halves of Table II) [51]. Students were
equally likely to give the correct response for the books
question regardless of whether or not they had responded
correctly on the initial ions question (Fisher’s exact test,
p = 0.21). These results are represented in Table II.

In contrast with the books version, on the magnetic
survey only 36% of students recognize that the potential
energy of the system increases as the magnets are moved
farther apart (see Fig. 4). As is evident in Table II, the
students who responded correctly on the magnets question
were significantly more likely to have responded correctly
on the initial ions question (Fisher’s exact test, p < 0.001),
with an odds ratio of 16.0 (95% C.1.: 6.0-42.8). In other
words, performance on the magnets question tended to
track with performance on the initial ions question—
students who responded correctly on the initial ions
question were about 16 times more likely to respond
correctly on the magnets question than those who had
not. This is somewhat surprising given differences between
the ways in which the ions and magnets questions were
posed. In particular, the interacting system of objects was
made obvious in the magnets question, as was the presence
of an active agent inputting energy into the system. These
features might be expected to translate to better perfor-
mance on the magnets question, however, no such effect
was observed.

E. Questions regarding causes and similarities

As noted above, students who indicated that their
answers or reasoning to the ions question had changed
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from initial to final were asked whether the change had
been caused by the intervening questions (books or
magnets). On both surveys, of students who indicated that
their answer or reasoning had changed (N =27 for
gravitational, N = 26 for magnetic) the majority (78%
for gravitational, 85% for magnetic) selected the option that
this change was due to the intervening questions. However,
this change affected students differently depending on
which survey they completed. Of the students who
answered “yes” when asked if their reasoning had been
influenced by the books question, 76% gave a correct
answer to the final ions question. On the other survey,
however, students who indicated that their answer or
reasoning had been influenced by the magnets question
were much less likely to arrive at a correct answer to the
final ions question. Only 41% of the students who indicated
that the magnets had influenced their thinking went on to
answer the final ions question correctly.

Even among students who did not change their answer
on the ions question, the two survey versions reveal
differences. As shown in Table III, overall, students were
significantly more likely to choose “yes” when asked if the
ions question and the magnets question are similar than
they were to choose yes when asked about the ions question
and books question. 92% of students indicated that there
was a similarity between magnets and ions, whereas only
64% of students recognized any similarity between the
books and ions questions. This represents a significant
difference (Fisher’s exact test, p < 0.001), with an odds
ratio of 6.8 (95% C.I.: 2.5-18.3). This suggests that the
difference in wording between the books and the magnets,
with the wording of the books question more nearly
mirroring the wording of the ions question, did not prevent

TABLEIII.  Percent of students indicating that the ions question
and the books or magnets questions are similar in some way. This
question was posed only to students who did not change their
answer from initial ions to final ions, and was not used in the
earliest version of the survey (Fall 2014), which is why total N
values differ from those elsewhere in the paper. Values in
parentheses indicate the associated number of students.

Percent of students who recognized similarity
to ions question.

Among students Among students

responding responding

correctly incorrectly

Survey version Total (N) to ions (N) to ions (N)

Books 64% (36) 84% (21) 48% (15)
(N = 56)"

Magnets 92% (73) 100% (25) 89% (48)
(N =179

*Among these students, 25 (45%) responded correctly on both
the initial and final ions question.

bAmong these students, 25 (32%) responded correctly on both
the initial and final ions question.

students from recognizing the similarities between ions and
magnets, nor did the similarity in wording between the
books and ions questions provide any particular advantage.

The differences become even more apparent when data
are separated based on the students’ responses to the final
ions question. Students who responded to the magnets
survey uniformly tended to recognize that there was a
connection between the magnets question and the ions
question, regardless of whether or not they responded
correctly to the final ions question (Fisher’s exact test
reveals no difference between the groups who responded
correctly or incorrectly to the final ions, p = 0.17). On the
gravitational survey, on the other hand, students who
responded correctly to the final ions question were likely
to recognize that there was a connection between the books
and the ions, whereas students who did not respond
correctly to the final ions were significantly less likely
to recognize this connection (Fisher’s exact test, p = 0.01),
with an odds ratio of 5.6 (95% C.I. 1.6-20.2).

V. DISCUSSION

In many respects, a question about gravitational potential
energy in the context of two books on shelves appears more
effective in improving student performance on a question
about the potential energy of a system of two ions than does
a question regarding potential energy in the context of two
magnets. Students who had the opportunity to consider the
books question were more likely to change from an
incorrect answer on the initial ions question to the correct
answer on the final ions question, whereas students who
considered only the magnets question were unlikely to shift
in their answer to the ions question.

Much of the shift in answers on the gravitational survey
may be due to the fact that students have a better under-
standing, in general, of gravitational potential energy than
they do of other forms of potential energy, as evidenced by
our prior work [7]. This is further supported by the much
higher correct response rates on the books question than on
the magnets question (78% vs 36% correct). The majority
of students (81%) gave consistent answers on the magnets
and initial ions questions, suggesting that most students
were already thinking similarly about the ions and the
magnets. We suspect that due to this similarity, the magnets
question did not prompt many students to reconsider their
thinking about potential energy. The books question,
however, may have reminded students that potential energy
can increase with distance. Many students did not explicitly
describe what allowed them to successfully transfer this
idea to the ions scenario. For example, one stated simply
“in figure b the ions are farther apart, there is more distance
in between them. My answer has changed because I
realized that the greater the distance in between the objects
the greater the potential energy.” Some students, however,
articulated their thinking more clearly: “I believe the higher
book will have more potential energy because it has a
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greater distance to fall, so my answer to the ion question
changed based on the distance between.” “The ones that are
farther from the object they’re attracted to (book and floor)
(K and Br particle) have higher potential energy.” These
student responses suggest that students are successfully
developing a more correct general rule or heuristic for
questions about potential energy. This resulted in a larger
fraction of correct responses on the final ions task.

In one respect, however, the magnets task holds an
advantage over the books task—students are more likely to
recognize that the questions about potential energy in the
context of the magnets and the ions are similar than they are
for the books and the ions. This occurs despite surface
similarities in the wording of the books and the ions
which are absent in the magnets task. If students do not
see a similarity between the potential energy clearly, they
will be unlikely to translate their correct understanding
of gravitational potential energy to a correct understanding
of electrostatic potential energy. This is consistent with
research into student learning using analogies, which
suggests that ‘“the instructional value of an analogy
decreases if it is difficult to identify and map the important
features shared by the analog and the target.” [31]. This
suggests that to support student learning of electrostatic
potential energy, which is so fundamental to their under-
standing in other STEM courses, [5] instructors should find
ways to aid students in drawing connections between
gravitational contexts and electrostatic contexts.

We do not claim that after completing the books question
students have “learned” electrostatic potential energy.
Viewed through the lens of dual-process theories of
reasoning, [40,42] it seems likely that when initially
confronting the ions question, a common initial response
generated by the heuristic process is that potential energy is
greater when the ions are closer together. This may be
connected to a “closer means stronger” heuristic or p-prim
[47] tied to the force in these situations, which is indeed
greater when the ions are closer. In the absence of any threat
to this intuitive response, the analytic process would tend to
accept this response in accordance with the “satisficing
principle.” We speculate that consideration of the books
question causes the analytic process to reengage and in
some cases reject the initial intuitive response when
students are once again exposed to the ions question.
The magnets question, on the other hand, cues the same
intuitive response as the ions, and thus even if the analytic
system engages, it would have no reason to intervene and
reject the initial intuitive response. Supporting students in
developing an understanding of electrostatic potential
energy can thus be viewed as a process of helping them
to build new intuitions about potential energy. The books
task may provide one helpful element in this process.

The instrument described in this study represents a
“microintervention” that was administered near the end
of the semester to a self-selected group of students who had

enrolled in a general chemistry support course. These
students had already been exposed to concepts relevant
to the intervention at least once. As a result, we do not
claim that the surveys administered in this study will have a
lasting impact on student understanding of electrostatic
potential energy. Indeed, research suggests that quick and
isolated fixes are unlikely to leave long-term effects [41].
We recognize that, with at most 45% of students respond-
ing correctly to the final ions question, and with only a
relatively small proportion of students changing their
answer from the initial to the final ions question, there
is still much room for improvement in student performance.
Given the extremely minor intervention that our survey
represents, however, it is noteworthy that any answers
changed, much less that we observed distinct differences in
the changes between the two survey versions.

This study is a small piece of a larger initiative that seeks
to enable students to become more aware of their heuristic
and analytic processes. We ultimately hope that this study
can inform the design and implementation of research-
based instructional revisions that could lead to lasting
improvements in student reasoning. While a single “quick
fix” may not have a lasting impact on student reasoning, a
strategy involving repeated exposure to questions with
demonstrated effectiveness for some students in the short
term may help students to build productive and durable new
intuitions about potential energy that will help them in the
long term.

VI. CONCLUSIONS AND IMPLICATIONS

A solid foundational understanding of the energy asso-
ciated with interactions between electrostatic charges is
fundamental to understanding many phenomena across the
STEM disciplines, particularly chemical phenomena. We
have empirically demonstrated that student performance on
a question about electrostatic potential energy improves
when students consider a related question about gravita-
tional potential energy, but does not improve when they
instead consider a question about the potential energy of a
system of two magnets. Many students, however, still
respond incorrectly after either intervention. Results sug-
gests that appealing to students’ understanding of gravita-
tional potential energy may be more effective for building
an understanding of electrostatic potential energy than
invoking the potential energy of systems of magnets, even
though students are more likely to recognize a connection
between magnets and the ions than between the books and
the ions.

We interpret these results through the lens of dual-
process theories of reasoning. Students may answer the
ions question incorrectly at first due to an initial mental
model involving the intuitively appealing idea that “closer
means stronger.” Reasoning about the gravitational poten-
tial energy associated with books on shelves may cause the
analytic process to engage on the ions question in a way
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that reasoning about magnets does not. The mechanisms by
which the books question lessens the intuitive appeal of the
closer means stronger approach, or renders the correct
response more appealing, are not yet well understood. In
particular, we wish to investigate the connections that
students perceive between the books and ions questions
to identify which connections are associated with an
effective intervention of the analytic process. While the
current study does not examine our data through the lens of
an analogical reasoning framework [33], we plan in the
future to investigate whether such a framework might help
us to better understand why the analytic system is more
likely to engage productively when presented with the
books scenario rather than with the magnets scenario. In
particular, we expect that students who recognize that the
gravitational potential energy in the books scenario is
associated with the attractions within a system of two
objects (the book and the Earth) might be more likely to
apply their knowledge of gravitational potential energy to
the ions scenario. The testing of this hypothesis will be the
subject of future work.

A previous study [7] had shown that a longer instruc-
tional sequence involving both the books question and a

related question about the potential energy of a system
including the Earth and an orbiting space shuttle could help
students to better understand electrostatic potential energy;
we now find that even a more minimal intervention can
have an effect. We have demonstrated that the effect of
exposing students to a gravitational question is different
than the effect of exposing them to a magnetic question.
While questions about the longevity and aftereffects of this
effect remain open, this finding can inform the develop-
ment of instructional strategies that will benefit physics
students from many STEM disciplines.
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