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This study examines the extent to which physics graduate teaching assistants (TAs) are aware of
introductory physics student thinking and the types of challenges introductory students commonly have
with energy and momentum concepts, which is important for implementing active learning methodologies
and supporting diverse learners in physics courses. We present findings from a TA professional
development course and discuss an approach to investigate TAs’ pedagogical content knowledge,
specifically their ability to recognize introductory student conceptual difficulties. We investigated 70 first-
year graduate TAs’ ability to identify common introductory physics student alternate conceptions on the
Energy and Momentum Conceptual Survey (EMCS). The TAs participated in a professional development
course that emphasized reflection on introductory student thinking patterns to promote evidence-based
pedagogical practices. TAs predicted the most common incorrect answers introductory students would
select after lecture-based instruction, then compared their predictions with actual data from introductory
students followed by a class discussion. This reflection process can promote robust understanding of
introductory student thinking patterns, which is essential for effective teaching that accounts for how
introductory students make sense of physics concepts. Results reveal gaps between TAs’ perceptions and
introductory student thinking, with TAs performing poorly on many of the analyzed questions. For
example, TAs consistently overestimated that introductory physics students would use novice-like
thinking in many situations posed in EMCS problems, i.e., they expected introductory physics students
to make more novice-like errors than they actually did. These findings have important implications
for effective instructional design, e.g., physics TAs who misunderstand introductory physics student
capabilities may inadvertently create barriers to learning by spending valuable class time on either
overscaffolding or underchallenging introductory physics learners and not spending time on pedagogical
issues that are important to address.

DOI: 10.1103/fgqc-dfbz

I. INTRODUCTION AND FRAMEWORK

Higher education faces unprecedented challenges in
preparing educators who can facilitate effective learning
experiences. There are many issues to address, for example,
difficulties in attracting and retaining teachers [1–4]. This
difficulty is in part due to a lack of effective professional
development programs that can improve teachers’ percep-
tions of their own teaching competence, which can lead to
improved retention [5,6]. In addition, students are increas-
ingly enrolling in college courses with more diverse back-
grounds, resulting in an increased emphasis on using

integrated approaches to science, technology, engineering,
and mathematics (STEM) education [7–15], further high-
lighting the importance of professional development
[16,17]. Unfortunately, STEM courses are often taught
using traditional lecture-based instruction, which fails to
address the varied ways learners in these courses construct
knowledge; thus, proper preparation of educators on the
facilitation of effective learning practices is vital. This can
be seen in studies that discuss professional development
courses that provide educators with experiences that help
them implement an integrated approach to STEM education
[18–23], how professional development helps educators
[24–27], and investigations on professional development
courses and how to improve them [28–30].
Graduate teaching assistants (TAs), who provide an

important component of instruction in undergraduate
STEM courses, represent a critical leverage point for
educational transformation. Despite this, most TAs
receive minimal pedagogical preparation for their
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teaching responsibilities even though such preparation
can lead to significant benefits to student learning
[31–33]. It has been found that TAs tend to associate
less with being teachers and more with being tutors or
lab managers [34], while other studies note the benefits
when TAs have positive perceptions of teaching [35,36].
Smith et al. [37] found that TAs with higher self-efficacy
are better with student-centered approaches than those
with lower self-efficacy. Therefore, professional develop-
ment classes, which teach about pedagogical preparation
and help to develop TA self-efficacy, similar to the ones
provided to other educators, could have positive impacts
on TAs as they begin their teaching journeys as well as the
students who rely on their instruction.
While TAs are an important part of the instruction in

many universities, they are a group that is studied less than
educators at the K-12 and university level. Therefore, this
study focuses on physics graduate TAs and emphasizes
how systematic development of their pedagogical content
knowledge (PCK), specifically their understanding of
introductory physics student thinking patterns, discussed
here in the context of energy and momentum, provides one
type of foundation for them to be able to implement
effective teaching practices. As this work is a part of a
group of projects focusing on the pedagogical content
knowledge of teaching assistants [38–40], the theoretical
framework and methodology for all of these projects are
similar. As a result, the beginning sections bear similarities
to the three previous research studies [38–40].

A. Background on graduate teaching assistants

Graduate students play a vital role in educating the next
generation of students. At universities around the United
States, it is typical for physics graduate TAs to teach
introductory recitations or lab sections, which have smaller
enrollments than the lecture portion of the course (typi-
cally, these sections have approximately 20–40 students,
compared to the 100+ in the lecture portion of the course).
Recitations supplement lectures and typically include a
short review of relevant topics covered earlier in lecture,
provide students with the opportunity to practice problem
solving and ask questions on content covered (including on
homework problems) that they would otherwise be unable
to due to the often large enrollment sections in lecture.
Occasionally, recitations may include a quiz to encourage
student participation.
Thus, TAs are valuable members of a teaching team

involved in large classes because they have the unique
position of being more easily accessible to students. This
unique position suggests that it is important to provide
professional development to TAs to assist them in perform-
ing their duties in a manner conducive to student learning.
There is a wealth of research on TAs investigating differ-
ent aspects of teaching: TAs’ beliefs and practices in
teaching [41–50], the importance of receiving buy-in from

TAs about using evidence-based instructional methods
[51–53], descriptions and evaluations of professional
development programs for training TAs [54–67], TAs
learning about collaborative learning [68,69], and others
[70–74]. Reviewing these studies in detail is beyond the
scope of this article. For a short review of the literature on
effective TA programs, see, e.g., Ref. [75].

B. Pedagogical content knowledge framework

Pedagogical content knowledge [76,77] refers to subject
matter knowledge for teaching and has been used often by
researchers in education [78–94]. Shulman [76,77] defined
PCK as a type of knowledge that instructors use when
making practical decisions about how to teach a lesson on
a specific topic. In Shulman’s view, PCK incorporates
knowledge about the kinds of representations of concepts
and analogies that are conducive to learning, illustrations
and examples, and an “understanding of what makes
learning of specific topics easy or difficult” [76]. In other
words, an important aspect of PCK is knowledge about
common student difficulties because having a sense of
where students struggle is essential to helping them
develop a robust knowledge structure. In particular, edu-
cators should know where to focus instruction and what
to pay attention to within their instructional design in order
to help students overcome common pitfalls. Awareness of
common student difficulties can also prove invaluable
when designing appropriate scaffolding to help students
develop facility with the concepts and their multiple
representations. For example, previous research with K-
12 teachers [95] found that on questions with strong
distractors, there is a large difference in learning gains
between students who were taught by teachers who could
successfully identify the alternate conceptions and stu-
dents taught by teachers who could not. Thus, it is
important to explore the extent to which teachers are
knowledgeable about common student difficulties.
There have been many attempts by researchers to docu-

ment teachers’ PCK and how it develops [82,84–86,89,96],
though the majority of this research is in the context of
K-12. However, these tasks have proven difficult because
teachers’ knowledge of their practice is often tacit [90,91];
that is, a few observations are often not sufficient in
providing a complete picture of all the tools at teachers’
disposal when deciding how to approach teaching a specific
topic. This means that extended observations are needed to
recognize when the teachers’ PCK is utilized during
instruction [82], as well as interviews to understand what
PCK was not used and why. Multimethod approaches have
been used to overcome these challenges to understand what
goes into developing the coursework. In particular, the array
of instructional decisions has been investigated, such as
what representations to use, what examples and types of
activities students engage in, etc. For example, Loughran
et al. [82] used classroom observations and follow-up
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interviews with teachers. These interviews encouraged
teachers to further articulate their knowledge alongside
alternate representations that were not necessarily used
during instruction. This investigative approach is time
consuming to carry out and analyze since there are lots
of qualitative data that come out of the observations
and interviews, all of which require coding and analysis.
For a review of methods used to study teachers’ PCK,
see Ref. [93].
Though many studies have been done investigating the

PCK of K-12 teachers, graduate TAs may have different
levels of both subject knowledge and PCK compared to
K-12 teachers. We note that very few studies have focused
on the PCK of graduate student TAs, specifically, their
knowledge of common student difficulties that we inves-
tigate here, despite their importance in many of these large
enrollment courses for universities. One example comes
from biology, where Lampley et al. [97] discuss a
professional development program for biology TAs via
lesson study. Lesson study refers to a system of inves-
tigation that helps teachers refine their ideas about best
teaching practices through classroom-level research. In the
initial phase, it includes discussions of common miscon-
ceptions that teachers expect to occur for a specific topic
being taught, as well as a plan for data collection and
analysis to determine the extent to which the instruction
was successful and to inform future instructional changes.
The TAs in the study worked in groups to design, teach,
and improve their lessons. They found this type of
professional development helped improve TAs’ beliefs
about biology instruction as well as certain aspects of
their PCK, including knowledge of specific common
misconceptions.
Park and Rizzolo [98] investigated mathematics TAs’

expectations of student difficulties. They provided TAs
with students’ written work and asked them to identify
where students were having difficulty, create a plan to
address the difficulties they identified, and implement the
plan in the classroom. Their study found that the TAs often
identified procedural difficulties rather than conceptual
difficulties, and this informed the approaches they used
in teaching. Specifically, they tended to favor a “teaching
by telling approach” rather than using the difficulties as
resources for learning, suggesting that in order to help TAs
develop into effective teachers, professional development
should provide guidance for TAs so that they are able to
understand students’ conceptual difficulties (rather than
procedural), as well as guidance on effective ways to
incorporate common difficulties in instruction.
In physics, Thompson et al. [99] describe a professional

development program that incorporated readings from
educational literature focused on student ideas. The stu-
dents in the program were prospective teachers, some
physics graduate students, and others from a nonphysics
background, meaning that many of the students in the

program did not have the physics content knowledge, so
the course also taught them the content by making use of
instructional strategies advocated by the physics education
research community. Part of the assessment of the course
included activities in which the prospective teachers had
to “generate [incorrect] hypothetical student responses to
unfamiliar questions,” sometimes more than one per
question. In other words, the prospective teachers were
provided with a physics question and asked to provide an
incorrect student response based on their understanding of
student ideas that they had developed from the course
readings on the literature of student difficulties. It is
noteworthy that they also collected data on the prospective
teachers’ knowledge of student ideas before instruction,
though the questions used were significantly easier, and
the authors describe changes in the prospective teachers’
knowledge of student ideas from before to after instruc-
tion. However, this study provided few details about the
prospective teachers’ knowledge of student ideas (both
before and after instruction) and focused on providing
evidence that there was significant improvement with near-
ceiling performance on the post-test (for questions on
electric circuits). The authors also note that this inves-
tigation was in the preliminary stage, but to our knowledge
they have not followed up with another article that
provides more details.
Even though the three articles discussed above do not

provide specific details on the graduate TAs’ pedagogical
content knowledge, they can be very useful for those
interested in developing a professional development pro-
gram that explicitly incorporates approaches to help
develop TAs’ PCK regarding common student difficulties.
It is our hope that the method we discuss here, along with
the data presented in this article for both introductory
students and graduate TAs, can be helpful in designing
activities to support TAs’ PCK of student difficulties.

C. Prior research in other content areas employing
the approach used here

We developed a relatively straightforward method for
delving into one aspect of PCK, namely, educators’
knowledge of common student difficulties with particular
topics. This method, which has been utilized in three prior
studies [38–40], uses standardized conceptual multiple-
choice surveys developed by physics education researchers
and quantitative data from introductory students who took
those surveys. TAs are provided with a copy of a particular
survey (e.g., the Force Concept Inventory [39]), and for
each question on the survey, they are asked to select what
they expect to be the most common incorrect answer
choice selected by introductory physics students after
having received traditional lecture-based instruction on
the topic. Then, quantitative student data are used to
quantify the extent to which the TAs are knowledgeable
about common student difficulties. Three prior research
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studies conducted with TAs using the method described
above used the Test of Understanding Graphs in
Kinematics (TUG-K) [38], the Force Concept
Inventory (FCI) [39], and the Conceptual Survey of
Electricity and Magnetism (CSEM) [40]. This method
is also currently being applied in two other studies
involving the Survey of Thermodynamic Processes
and First and Second Laws [100] and the Rotational
and Rolling Motion Conceptual Survey [101]. The main
findings of these studies are as follows:
• TAs’ knowledge of students’ alternate conceptions is
context dependent; that is, they can readily identify a
particular alternate conception in certain contexts, but
not in others.

• TAs sometimes expect certain alternate conceptions
to be very common when they are in fact not at all
common among introductory students.

• Think-aloud interviews with TAs attempting to de-
termine students’ alternate conceptions suggested that
the TAs were reflective and had reasonable thoughts
with respect to potential reasoning students may use.

• The TAs struggled more in identifying alternate
conceptions in the context of the CSEM than in
the context of the FCI or TUG-K. This may be due to
the fact that many alternate conceptions in the context
of mechanics come from people’s experience with the
real world and thus may be easier to predict than
alternate conceptions with electricity and magnetism,
where the concepts are more abstract.

As noted in Sec. I B, there is very little research on
the PCK of TAs, specifically, on their understanding of
common student difficulties with physics content, and the
study presented here, along with the ones summarized
above, aims to fill that gap.

D. Goal of this study

Based upon prior research findings, it is very clear that it
is valuable to investigate physics TAs’ knowledge about
common introductory student difficulties in concrete con-
texts to learn about situations in which the TAs have a good
understanding of introductory physics student difficulties
and those in which they struggle to identify common
student difficulties. As Shulman and others have argued
[76,77,102], knowledge of common difficulties in different
content areas is one part of PCK, and PCK serves as the
primary guide when teachers decide how to implement
instruction and what to focus on. To improve TAs’ PCK
about common student difficulties, a professional develop-
ment course could make use of an activity similar to what
we describe here in which the TAs attempt to determine the
most common student difficulties on multiple-choice
questions taken from validated conceptual surveys.
After working on this task on their own, there could be
a small-group or whole-class discussion in which the TAs
discuss each question and how they think introductory

students may answer it, which includes what incorrect
reasoning students can use. Furthermore, the TAs could be
shown student data, which provides information about
which incorrect options were most common (e.g., 40% of
students select an incorrect option), and the TAs could
discuss what type of student reasoning may lead students
to select that option. Such an activity can be quite valuable
in enhancing TAs’ knowledge of student difficulties.
These considerations, along with the valuable findings

of previous research [38–40], motivated us to carry out the
research study discussed here focusing on the PCK of
physics TAs related to energy and momentum concepts
using the Energy and Momentum Conceptual Survey
(EMCS) [103–105]. The EMCS is an assessment instru-
ment designed to evaluate students’ conceptual under-
standing of introductory energy and momentum concepts.
Thus, the goal of this study was to evaluate one aspect
of TAs’ PCK, namely, their understanding of common
introductory physics student alternate conceptions of
energy and momentum concepts included in the EMCS.

II. METHODOLOGY

The methodology for this study discussed below is
similar to our previous studies, which were focused
on other conceptual physics topics using conceptual
surveys [38–40] (and those that occurred concurrently
to this study [100,101]).

A. Participants and context of the study

The participants in this study were 70 first-year graduate
students (from four separate cohorts) enrolled in a semes-
ter-long mandatory pedagogy-oriented TA professional
development course at a large research university. These
cohorts ranged from as low as 13 to as high as 25 graduate
students. These graduate students come from many differ-
ent backgrounds, and approximately 30% of them are
women. While roughly 50% of the graduate students in
these cohorts completed their undergraduate education in
the United States, very few of them (less than 10%) did so
at the institution in which this study was conducted. We
note that we did not separate these cohorts, as a previous
study had already compared these groups and found that
there was no significant difference between those who had
and had not completed their undergraduate education in
the United States [38].
Since all the graduate students were in their first year,

they were completing the typical core graduate physics
courses (e.g., Quantum Mechanics, Classical Mechanics,
Mathematical Methods, and Statistical Physics). Typically,
for the first two semesters, these graduate students take
3–5 courses per semester. They are required to take four
core courses (usually two per semester) in order to
continue to Ph.D. candidacy. While these first-year gradu-
ate students are able to engage in research, it is usually
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recommended that they focus on coursework in their first
year, so it is very rare for them to be working in a research
lab, though the majority work as TAs (most commonly in
labs or recitations).
The TAs in this course typically teach recitations and

labs, usually in a traditional manner. It is important to note
that the TAs who teach recitations generally have significant
freedom regarding how to carry out their duties, though this
is dependent on the instructor they are working with.
Regardless, many TAs’ recitations tend to follow a broad
guideline of answering student questions on homework,
solving practice problems with students, and allowing for
questions and discussion as they do so, followed by a quiz.
Depending on the instructor, the quiz may be taken
individually or in small groups, but other than these general
outlines, the TAs tend to have flexibility with how they hold
recitation. This suggests that TAs who are knowledgeable
about effective instructional approaches can have a signifi-
cant impact on student learning. In the labs, the TAs begin
by demonstrating the procedures needed for the lab, and
then the students closely follow the detailed procedures
written in the lab manual with guidance from TAs when
they have difficulties. There are also a few graduate students
in this course who are not yet assigned a TA position, but
they will have a TA position at least for two semesters at
some point in their graduate education.
The professional development course meets once a

week for two hours and is the only pedagogy-oriented
course that many of these graduate students will take, so it
is designed to introduce TAs to many different aspects of
teaching in order to help them become effective teachers.
At the beginning of the course, the graduate students learn
about cognitive research and physics education research
and consider how to implement what they learn from this
research in a classroom environment. Following this, each
week, the TAs complete different reflective exercises
designed to help them perform their TA responsibilities
in a student-centered manner. For example, in one class,
the TAs are asked to write a homework problem and have a
classmate work out the problem from a student perspective
and provide feedback. Other classes focus on other
activities such as writing solutions to problems that will
be provided to students and discussing what features
solutions should have to help students learn, grading
student work in a manner that is conducive to promoting
use of effective problem-solving strategies, designing
problems for recitation/homework/quizzes/exams, and
discussing the considerations leading to different types
of scaffolding that may be used in different contexts. In the
second half of the semester, each TA is assigned to create
an example problem on a particular topic and present the
problem solution to the other graduate students who are
acting as undergraduate students. They are encouraged to
ask questions that may come from students who are learning

this topic for the first time. This gives each TA the
opportunity to practice leading a discussion in recitation
and field questions from students about a topic that’s new to
them. The TAs are then able to get feedback on their
teaching and their process of answering questions.
Furthermore, part of the goal of the course is to help
TAs recognize the importance of being knowledgeable
about student difficulties so that they can assist these
students in developing expertise, so typically, there are
multiple classes in which the TAs attempt to identify
common student difficulties on specific conceptual surveys,
the EMCS being one of them. These classes always include
showing the TAs quantitative data from introductory stu-
dents and discussions that focus on specific student diffi-
culties and how they could be addressed during instruction.

B. Materials

The materials used in this study are the EMCS itself
(which can be found in Supplemental Material [111]), the
postinstruction data from 457 calculus-based introductory
physics students across four separate equivalent courses,
TA data about their PCK using the method that will be
described in Sec. II, and the qualitative interview data
obtained from the TAs. The postinstruction data from
calculus-based physics students was collected by asking
students to complete the EMCS and identify the correct
answers. These data were used to determine students’
alternate conceptions on each question of the EMCS,
therefore allowing the assessment of the extent to which
the TAs are able to identify these alternate conceptions
(described in detail in Sec. II).
We note that the EMCS uses language that aligns with the

language used in typical introductory physics courses and
textbooks, e.g., that the mechanical energy of the system is
conserved when there is no work done on the system by
nonconservative forces. Some educators have advocated
instead using language that the mechanical energy of a
system is “constant” instead of “conserved,” since mechani-
cal energy is not a conserved quantity, but rather one which
is constant in certain situations. Also, some have suggested
refraining from describing some forces as “nonconserva-
tive” since all forces are conservative at a fundamental
level [106–109]. Therefore, the language used in this paper
will align with the recommended language rather than using
the same language as the EMCS.

C. Methods

The TAs in the first two cohorts were provided a copy of
the EMCS, and for each item on the EMCS, they did the
following:
• identified the correct answer,
• identified which incorrect answer choice they ex-
pected would be the most commonly selected by
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introductory students in a post-test (i.e., after tradi-
tional lecture-based instruction in relevant concepts),

• provided a brief explanation of their reason for
selecting a given option.

We refer to this as the “PCK task.”
While giving similar PCK tasks that used different

conceptual surveys [100,101] to the first two cohorts, it
was observed that for some of the questions, some of the
TAs were unable to figure out the correct answer.
Therefore, it was decided that after identifying the correct
answers on their own, the TAs should be provided with
the correct answers. Specifically, for the last two cohorts,
the PCK task was slightly different. For each item on the
EMCS, the TAs in the last two cohorts:
• identified the correct answer,
• were provided the correct answer,
• identified which incorrect answer choice they ex-
pected would be the most commonly selected
by introductory students in a post-test (i.e., after
traditional lecture-based instruction in relevant
concepts),

• provided a brief explanation of their reason for
selecting a given option.

This change did not affect the data much, with the
exception of two items, namely Q16 and Q23, where a
sizable percentage of the TAs in the first two cohorts
selected the correct answer. In the first cohort, roughly
one quarter of the TAs on Q16 and one fifth of the TAs on
Q23 identified the correct answer as the most common
incorrect answer choice that introductory students would
select. This is because these TAs did not know the correct
answer to these questions, and this issue was fixed in the
last two cohorts.
Consistent with the previous three studies [38–40], the

TAs were asked to identify students’ alternate conceptions
after instruction because it was considered that it is more
important for TAs to be aware of the alternate conceptions
that are unlikely to be eliminated after traditional lecture-
based instruction. We note that it does not make much
qualitative difference whether the PCK task is framed for
before instruction or after instruction because students’
alternate conceptions are mainly the same, just that after
instruction, a lower percentage of students have these
alternate conceptions.
In order to obtain a quantitative measure of TAs’

performance in identifying the persisting alternate con-
ceptions that remain after traditional instruction, scores
were assigned to each TA for each question on the
EMCS. Each incorrect answer was assigned a score that
was equal to the percentage of students who selected that
incorrect answer choice. These percentages came from
the introductory students who were asked to identify
the correct answers of the EMCS. We note that, in order
to get a broader understanding of the difficulties that
students have, the TAs were compared to all of the

students whose data were collected for this study, not just
the student data that are associated with the cohort they
specifically taught.
If a TA selected the correct answer for a specific

question (which was rare and only occurred for the first
two cohorts, as they were not specifically provided the
correct answers while completing the PCK task), they
were given a normalized score of zero (calculation will be
described below) because they were asked to identify the
most common incorrect answer choice of introductory
students. For example, on Q1, the percentages of students
who selected the incorrect answer choices A, C, D, and E,
were 6%, 34%, 8%, and 6% (as shown in Fig. 2),
respectively (choice B is correct). Therefore, the scores
assigned to TAs for selecting each answer choice are 0.06,
0.34, 0.08, and 0.06, respectively. (We note that we refer to
these scores as “PCK scores” because they relate to TAs’
PCK about student difficulties.)
This weighting was chosen because the more prevalent

a difficulty is for students, the more important it is for
TAs to be aware of that difficulty so they can account for
it during instruction. This weighting scheme allows TAs
who identify a slightly less prevalent difficulty to still
receive a good PCK score for a given question rather than
giving them a low score for not identifying the most
common difficulty. For example, on Q17, 25% of
students selected A and 27% of students selected D
(both incorrect); therefore, a TA selected A, and their
PCK score would be 0.25, and if they selected D, it
would be 0.27—two very similar PCK scores.
For each question, we calculated the average PCK score

of the TAs by averaging the individual PCK scores for all
TAs for that particular question (this is called “TA avg.
PCK” in Fig. 2). However, since the maximum and
minimum possible PCK scores are question dependent
(e.g., on Q1, the minimum is 0.06 and the maximum is
0.34; on Q6, the minimum is 0.01 and the maximum
is 0.14), we created a normalization in order to be able to
easily compare TAs’ performance on different questions
(we refer to this as “Norm. TA avg. PCK” in Fig. 2). The
normalization is such that it varies from 0% to 100%,
where 0% corresponds to all the TAs selecting the least
common incorrect answer choice of introductory students
(or the correct answer choice) and 100% corresponds to all
the TAs selecting the most common incorrect answer
choice. The normalization for each question on the
EMCS was done as follows (ave, max, and min stand
for average, maximum, and minimum PCK scores on that
question, respectively):

Normalized TAAve PCK Score

¼
�
ave question PCK score-min possible score
max possible score-min possible score

�

� 100%
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To give a specific example: On Q1, the scores for A, C,
D, and E are 0.057, 0.337, 0.079, and 0.064, respectively
(note that choice B is the correct answer and that these
values have been rounded to the nearest percentage point
in Fig. 2). The minimum possible PCK score is 0.057, the
maximum possible PCK score is 0.337, and TAs’ average
PCK score is 0.167. Therefore, the normalized PCK score
on Q1 is ð0.167−0.057Þ=ð0.337−0.057Þ�100%¼39%.
In short, the normalization is such that the TAs would

obtain a normalized average PCK score of 0% if they all
unanimously identified the incorrect answer choice that
was selected by the smallest percentage of students, and
they would obtain a normalized average PCK score of
100% if they all unanimously identified the incorrect
answer choice that was selected by the largest percentage
of students. (We note that as one can expect, there are no
questions in which the TAs are unanimous, so there are no
instances in which these extremes occur.)
To get a sense of the variation in TAs’ ability to identify

common introductory student difficulties on the entire
EMCS survey, we first calculated each TA’s PCK score on
the entire EMCS survey and normalized it on a scale from
0% to 100%, where 0% and 100% would correspond to a
TA who always selected the least common/most common
incorrect answer choice for each question, respectively.
This was done by calculating a normalized PCK score for
each TA for each question and then averaging across all
questions to obtain an average PCK score for each TA for
the entire EMCS. The normalized PCK score for a
particular question for each TA was similar to what was
described earlier, except for only one TA instead of all of
them (question-specific PCK score refers to the PCK score
a TA received on that question, i.e., the percentage of
introductory students who selected the incorrect answer
choice that was identified by the TA as the most common
on that question):

Normalized TA PCK score

¼
�
question specific PCK score-min possible score

max possible score-min possible score

�

� 100%

We note that if a TA selected the correct answer for a
particular question (a rare occurrence), they were assigned
a normalized PCK score of 0% on that question.
Lastly, to obtain further accounts of TAs’ reasoning,

think-aloud interviews were conducted with 6 TAs. These
6 TAs are from three of the four cohorts included in the
qualitative data and had completed the in-class PCK task
anywhere from three years to six months before volunteer-
ing to do these interviews. Therefore, the questions on the
EMCS were not fresh in their minds when interviewed,
and the interview data were used exclusively to gain a
more in-depth understanding of the reasoning TAs use

when engaged in the PCK task. Regarding the representa-
tiveness of these interviewees to the rest of the TA
population that completed the quantitative data, we note
that these interviewees were not offered financial incen-
tives to complete these interviews. In particular, these
interviewees volunteered on their own to complete this
task, so it may be possible that these specific TAs are
interested in teaching. These interviews were completed in
approximately one hour over Zoom. During these inter-
views, TAs first identified the correct answer to a given
question on the EMCS, then identified which incorrect
answer choice they thought would be most commonly
selected by an introductory student, and finally provided
an explanation of why they thought that answer choice
would be common. During this process, the TAs were
allowed to complete this series of tasks on each question
without interruption (similar to the first cohort), meaning
that they were not informed of the correct answer until
after they finished the full task for a given question. In
other words, if a TA did not identify the correct answer
(a rare occurrence), they were allowed to finish the task
before being informed of the correct answer, and then they
were asked if knowing the correct answer changed their
selection of the most common incorrect answer of intro-
ductory students. In almost all cases where a TAs failed to
identify the correct answer for a question, the TA said that
the answer they previously thought was correct would
likely be the most common incorrect answer choice of
introductory students because the students may share the
same difficulty they had, which led them to think a
particular incorrect answer was correct.
After completing the six interviews, we found that the TA

responses from the interviews were very similar to those of
the quantitative data.We found them to be extremely helpful
for confirming the written responses as well as providing
extra context to why TAs identified specific incorrect
answer choices. Therefore, all the quotations in this paper
are from written reasoning provided by the TAs during the
in-class PCK task since interview findings were consistent
with written reasoning from TAs.

D. Research questions

In this study, we investigated the following research
questions:
RQ1: How well do TAs predict introductory physics

students’ alternate conceptions on the EMCS after tradi-
tional lecture-based instruction?
This research question can be divided into several parts

that are interconnected:
• RQ1-A: What alternate conceptions that were
common among introductory students did the TAs
struggle to identify?

• RQ1-B: What alternate conceptions that were
common among introductory students were the TAs
able to identify?
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• RQ1-C: To what extent are TAs able to identify
alternate conceptions across different contexts (i.e.,
across EMCS questions)?

Our second research question pertains to comparing the
results of this study with our previous studies that used
similar methodologies to assess TAs’ PCK but using
different physics conceptual surveys:
RQ2:What broader similarities and differences are there

in TAs’ ability to identify alternate conceptions on the
EMCS with their ability to identify alternate conceptions
on other surveys (FCI, TUG-K, CSEM) [38–40]?

III. RESULTS

We note that in this section, we often refer to the
“performance of TAs,” or alternatively, “PCK score,”
“PCK performance.” Since our goal is to investigate the
extent to which the TAs are aware of common student
difficulties, “performance” or “score” always refers to the
PCK scores calculated as described in the methods section
and never to their performance in identifying the correct
answers. (Also, since the TAs are all physics graduate
students, they almost always identify the correct answers
on the EMCS questions.)

A. Performance of TAs on the entire PCK task

The distribution of average PCK scores for all the TAs is
shown in Fig. 1. As seen in Fig. 1, the performance of the
TAs is close to a normal distribution, where the scores
of the vast majority of the TAs are bunched around the
average (58%). In particular, 90% of the TAs had average
PCK scores between 45% and 75%.

B. Performance of TAs on the PCK task across
the EMCS themes

Analysis of the PCK performance of the graduate TAs
was performed on each of the questions in the EMCS,
which revealed common alternate conceptions as shown
in Fig. 2 using the methods described in Sec. II. Consistent
with a similar previous study using the TUG-K [38], we
considered that the introductory students had a major
difficulty if more than 33% of them selected a particular
incorrect answer choice and that a moderate difficulty
related to an incorrect answer choice selected by more than
20% of students. However, there were two questions in
which 19% of students selected an incorrect answer
choice, and we decided to discuss those questions as well.
In the end, there were 18 questions on the EMCS with

FIG. 1. Performance of TAs for the entire survey. We note that the average normalized score of all TAs across the full EMCS survey
was 58%.
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either moderate or major difficulties: Q1, Q3, Q5, Q6,
Q8–Q10, Q12, Q13, Q15–Q19, and Q22–Q25. We note
that all the quantitative data collected is provided in Fig. 2.
However, any question that did not reach the threshold
as noted above has been crossed out so that it is easily
identifiable as a question that is not discussed because
students did not exhibit prevalent difficulties on that
question (e.g., Q2, which was answered correctly by
76% of students).
We note that the EMCS is provided in Supplemental

Material [111]. However, when discussing specific ques-
tions on which the context of a problem is difficult to
describe without a figure, the question figure is provided
near the text discussing that question.
TAs’ performance was somewhat bimodal on the 18

questions with major or moderate difficulties, see Fig. 2. In
particular, on nine questions, TA PCK performance was
poor, on two questions, TA PCK performance was mod-
erate, and on seven questions, TA PCK performance was

good. In other words, TAs’ performance was either poor or
good, with only two questions on which it was somewhere
in the middle.
For the remainder of this section, we group questions

based on the concepts involved in identifying the correct
answer. In prior studies [38,39], it was considered that a
normalized PCK score of 50% or less is poor. This is due to
the fact that a normalized average PCK score of below
50% indicates that, on average, the difficulties identified
by TAs account for less than half of the difficulties that
students have on a given question. However, when ranking
questions based on normalized PCK score, there were
three questions on which TAs’ performance was very close
to 50% (Q18–51%, Q16–52%, and Q13–52%), and the
next lowest performance was on Q8 at 57%. Therefore, we
shifted the cutoff for poor performance slightly to 52%.
Also, consistent with prior studies [38,39], TAs’ normal-
ized PCK score was considered good if it was greater than
two-thirds or 67%. Similarly, this is due to the fact that a

FIG. 2. Questions on the EMCS with responses from students and TAs. Percentages of introductory physics students (intro student
responses) who selected choices A through E in a post-test (who were asked to select the correct answer for each question after
instruction). Percentages of graduate students (TA responses) who selected choices A through E (who were asked to select the most
common incorrect answer that an introductory student would choose). The first column lists the question number. The second to last
column lists the average graduate student PCK score (TA avg. PCK score), and the last column lists the graduate students’ average
normalized PCK score on a scale of 0 to 100 (Norm. TA avg. PCK). Any question that has no introductory physics students’ difficulty,
which reached the threshold of 19% or more, has been left in for clarity of data because educators may still be interested in those
questions, but has been struck through for ease of identification and the fact that we do not discuss them further in this paper.
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normalized average PCK score of above 67% indicates
that, on average, the difficulties identified by TAs account
for more than two-thirds of the difficulties that students
have on a given question. Finally, TAs’ normalized average
scores between 52% and 67% were considered moderate.
We note that when we discuss different questions on the
EMCS below and we mention “TAs’ PCK score,” we are
referring to the normalized average PCK score to make it
easy to compare different questions, and all quotations
from TAs are from their written responses provided during
the completion of the in-class PCK task.

1. Mechanical energy is constant and momentum
is conserved (Q3, Q16)

Q3 and Q16 are related to elastic (Q3) and inelastic
(Q16) collisions and require students to recognize when
momentum is conserved and/or total mechanical energy is
constant. On both of these questions, TAs’ PCK score is
poor—43% and 52%, as shown in Fig. 2. (We note that
Q16 is extremely challenging, even for graduate students.
In one of the cohorts in which we first asked graduate
students for the correct answer for all questions before
asking them to complete the PCK task, roughly one-third
provided the correct response for Q16.)
In Q3, a white hockey puck collides elastically with a

stationary red hockey puck on a frictionless surface. The
question asks to identify which of the following statements
are true: (1) The kinetic energy of the white puck is
constant (same before and after the collision), (2) the linear
momentum of the white puck is conserved, (3) the linear
momentum of the two-puck system is conserved. There
was a major difficulty in which 33% of students selected
that (1) and (3) are the only true statements (choice D).
In other words, one third of the students do not realize that
it’s the kinetic energy of the system of two pucks that is
constant, not just a part of the system, despite realizing this
regarding total momentum. Many TAs struggled to iden-
tify this alternate conception (only 33% of them did),
resulting in a low PCK score of 43%. 29% of TAs selected
choice E as the most common incorrect answer (all three
statements are true). One TA stated, “Students may not
distinguish conservation in a system [from conservation]
in a body of a system.” Despite this, only 12% of students
selected this option. This indicates that the TAs who
identified this incorrect answer choice thought that stu-
dents may be confused about conservation of momentum
because they expected students to select both statements
(2) that the momentum of the white puck is conserved and
(3) that the momentum of the two-puck system is con-
served. This suggests that the TAs expected that students
are more confused about conservation of momentum than
they are because very few students selected both state-
ments (2) and (3). Additionally, 20% of TAs selected
choice A, which states that only statement (1) is true, but
only 1% of students selected this answer choice. One TA

stated, “As the collision is elastic, most of the students will
only put emphasis on kinetic energy conservation and
think choice A is correct.” One could interpret that the TAs
who selected A expect students to exhibit more novice-like
thinking than they actually do because choice A does not
include conservation of linear momentum. In other words,
by selecting A as the most common incorrect answer
choice of introductory students, the TAs are implicitly
saying that they think that students may not realize that in
a collision, momentum is conserved. However, 99% of
students selected an answer choice that mentioned
momentum conservation.
Q16 provides the diagram shown in Fig. 3 and asks

which principles are required to solve for the final height
in terms of the initial height. On this question, students
who did not get the answer correct either mostly selected
that only mechanical energy is constant is needed
(26%—answer choice A) or that only conservation of
momentum is needed (18%—answer choice B). The
majority of the TAs (60%) identified one of these two
answer choices as the most common incorrect answer, but
19% of the TAs selected answer choice E, which states that
these two principles are not sufficient, an answer choice
selected by only 2% of students. One TA motivated their
choice of E by stating, “People think that you need to know
what the initial height is to know what the final height is,”
and another stated, “Students might think that the masses
should be given.” This suggests that the TAs who selected
this answer choice thought that students may not consider
the physics principles relevant to solving this problem and
think that actual numbers are needed to solve the problem,
which is more novice-like than they actually were.
Furthermore, we should note that this question is also a
bit of an outlier because 13% of the TAs selected the
correct answer as the most common incorrect answer of
introductory students. This suggests that they had the same
alternate conception as students (only one principle or
the other is needed, not both). This was the only question
on the EMCS in which more than 10% of the TAs selected
the correct answer choice, and it contributes to their low
PCK performance.

2. Conservation of momentum (Q5, Q10)

Q5 and Q10 both require use of conservation of
momentum. TAs performed poorly on both of these
questions, receiving PCK scores of 48% and 23%,
respectively, as shown in Fig. 2.
On Q5, two identical bullets are shot toward two blocks

of equal mass (one made of steel, the other made of wood).
For the wooden block, the bullet embeds in it, and for the
steel block, the bullet bounces off as shown in Fig. 4.
Q5 asks which block travels faster after the collision.
There was a major difficulty on this question, as 37% of
students selected that the block that has the bullet
embedded would travel faster because the bullet transfers
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all of its kinetic energy to it (choice B). While 39% of the
TAs identified this alternate conception, 23% of them
selected option E, which states that both blocks will travel
with the same speed (choice E)—an option selected by
only 7% of students. One TAwho selected choice E stated,

“I believe that students will think that because the two
bullets are identical, traveling with identical speeds at two
blocks of equal mass, then the momentum is conserved and
confuse this law with their speeds also being equal.” This
implies that TAs who selected choice E thought students

FIG. 3. Figure provided for Q16 on the EMCS with the options provided for reference.

FIG. 4. Q5 from the EMCS with the options provided for reference.
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might not recognize that there is a difference between an
elastic and an inelastic collision. Similar to the reasoning
they used in the previous two questions discussed, it
appears that on Q5 as well, the TAs may expect intro-
ductory physics students to be more novice-like than they
actually are.
Q10 provides the diagram and options shown in Fig. 5

and asks which statement(s) are true. Here, 23% of
introductory physics students selected only option (2)
(choice B). In other words, while these students recognized
that the total momentum of the system is conserved, they
did not realize that the initial momentum is zero, and thus
the final momentum of the fragments is zero as well. Only
20% of the TAs identified this difficulty, and 59% of the
TAs selected answer choice E, which stated that all the
statements are correct. In other words, the TAs expected
that students may think that in an explosion, the total
kinetic energy is the same before and after the collision,
but only 10% of students selected this answer choice.
One TA who selected choice E for this stated, “Student[s]
could forget that directions in KE [have] no meaning so the

three pieces are moving in different directions; hence, their
components cancel each other.” This suggests that the TAs
think that students have difficulty distinguishing between
kinetic energy and momentum because they expect that
students do not realize that kinetic energy is a scalar, and
also, that they expect it to be conserved from before to after
the explosion.

3. Impulse-momentum theorem (Q18, Q19, Q23)

Q18, Q19, and Q23 require use of the impulse-
momentum theorem. On Q18 and Q19, the TAs performed
poorly (PCK scores of 51% and 49%, respectively). On
Q23, TAs exhibited moderate performance, receiving a
PCK score of 62%, as shown in Fig. 2.
Q18 asks which statement is true about linear momen-

tum. There were two alternate conceptions on this question
(both moderate): 21% of students thought that momentum
is a scalar quantity (choice C), and 19% of students
thought that the SI unit of momentum is kg m2=s
(choice D). TAs were only able to identify option D as

FIG. 5. Q10 from the EMCS with the options provided for reference.
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being common (39% of the TAs), with only 6% of TAs
selecting choice C. Furthermore, there are two options,
choice A, which states that momentum is a force, and
choice B, which states that the momentum of an object is
always positive, which were selected by 21% and 30% of
TAs, but only by 5% and 10% of students, respectively.
This indicates that there is a major disconnect between
most of the students and a majority of the TAs, since over
half the TAs selected options that only a combined 15% of
students selected, and the most common alternate con-
ception of students, namely that momentum is a scalar, is
only identified by 6% of the TAs.
Q19 asks why it would be better to hit a haystack than a

concrete wall when the brakes of your bicycle fail. There
was a moderate difficulty on this question: 25% of students
selected option A, which states that the haystack gives you
a smaller impulse than the concrete wall. In other words,
these students did not recognize that the impulse is the
same in both cases because the change of momentum is the
same. They likely did not think of applying the impulse-
momentum theorem to realize that the haystack changes
your momentum over a longer time (choice B). While 41%
of the TAs identified this difficulty, 30% of the TAs
selected answer choice D, which states that the change
in momentum is smaller if you hit the haystack than if you
hit the concrete wall, but only 9% of students selected this
option. One TA who selected choice D stated, “People
know that the haystack is the right answer and think that
smaller momentum change will be less painful than a
larger momentum change, but the bicycle will have the
same momentum change regardless of the hitting the
haystack or wall.” This implies that TAs who selected
choice D seem to think students who select choice D may
think similarly to those who selected A but may not
recognize that the momentum change is the same.
Furthermore, choices C and E were selected at rates of
4% each by students, but were selected by 13% and 11% of
the TAs, respectively. Overall, choices C, D, or E were
selected by a combined 54% of TAs, but only accounted
for a combined 17% of student difficulties. The students
who struggled on this question tended to select choice A,
but most of the TAs were not able to identify this answer
choice as being common, showing a large disconnect
between many students who struggled and a majority of
the TAs.
In Q23, two balls of equal mass, but different material

(one rubber, the other putty) are dropped from the same
height above a horizontal surface. The rubber ball bounces
after striking the surface, and the putty ball comes to rest.
The question states that the velocity change from initial to
final takes the same time and asks to compare the average
forces on each ball. There are two moderate difficulties on
this question: 29% of students selected that the average
forces are the same (choice A) and 26% of students
selected that the average force on the putty ball is greater

(choice C). TAs exhibited moderate performance on this
question (62% of the maximum possible), with 41% of
them selecting choice A and 23% selecting choice C. One
TA who selected choice A stated, “Students would be
aware of the relationship between impulse and the average
force. However, they would ignore that the changes of the
impulse are different for the rubber ball and the putty ball,”
implying that students might only consider the fact that the
putty ball takes the same time as the rubber ball and not
that the impulse is larger in the case of the rubber ball. One
TA who selected choice C stated, “They might think
because the putty stuck…it has a greater impact,” implying
that students think that impulse has to do with the end
result of the fall rather than how the forces change during
the impact with the ground. However, a combined 25% of
the TAs selected answer choices D and E, which both
imply that the question cannot be answered without more
information (choice D—to know the size of the balls;
choice E—need to know the height from which the balls
are dropped). But only 6% of students selected these
answer choices. In other words, 25% of TAs thought that
students would focus on the lack of values when trying to
answer this question rather than considering the physical
principles applicable, but only a combined 6% of students
had this difficulty. This is similar to Q16, where 19% of
TAs thought that students would focus on lack of values,
but only 2% of students had this difficulty. This could be
interpreted as another example in which a sizeable fraction
of the TAs thought that students would be more novice-like
than they actually are.

4. Work-kinetic energy theorem (Q8, Q24, and Q25)

Q8, Q24, and Q25 required using the work-kinetic
energy theorem. On Q25, TAs performed poorly (PCK
score 36%); on Q8, they performed moderately (PCK
score of 57%) and on Q24, TAs performed well
(PCK score of 90%), as shown in Fig. 2. We note that
TAs’ PCK score on Q25 was one of the lowest on the
survey and their score on Q24 was the highest, suggesting
that TAs’ ability to identify alternate conceptions related to
the work-kinetic energy theorem is context dependent, a
finding that is consistent with previous papers on PCK
using the FCI [39] and the TUG-K [38].
On Q8, a heavy block needs to be lifted through a height

h with a string and is pulled at constant velocity. Two
options are given: lifting vertically or along a frictionless
incline plane. The question provides five statements and
asks which one is true. Option A states that the magnitude
of the tension force is smaller when the block is lifted
vertically compared to when it is lifted along a frictionless
incline, and option B states that the magnitudes are the
same. These two options combined were selected by only
14% of students, but by 31% of the TAs. In other words,
roughly one third of the TAs think that students may not
realize that the tension is smaller when the block is lifted
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along the frictionless incline than straight up. This sug-
gests that they expect students to exhibit more novice-like
thinking than they actually do. Instead, the most common
alternate conception (29% of students) is thinking that the
work done is smaller when the block is lifted along the
incline than when lifted vertically, which 51% of the TAs
were able to identify. These students likely realize that the
tension is smaller when the incline is used and may
confuse this with work (or not realize that the distance
is longer for the incline, which compensates for the smaller
force required to lift the box). One TA who selected this
answer choice stated, “The force is small in [the case of the
incline] so by a misconception of work students may think
work is smaller.”
On Q24, two blocks are initially at rest on a frictionless

horizontal surface. The blocks have different masses but
are pulled by the same constant force. The question asks to
compare the kinetic energies of the blocks after being
pulled through the same distance. There are two moderate
difficulties on this question: 26% of students selected that
the kinetic energy of the smaller block is greater because it
achieves a larger speed (choice B), and 25% of students
selected that the kinetic energy of the larger block is
greater because of its larger mass (choice C). TAs
performed very well on this question, with 86% of them
selecting either of these two options. One TAwho selected
choice B stated, “Since the applied force is the same and
block A has a smaller mass, students might assume it will
have a greater kinetic energy because it has a greater
velocity.” This implies that the students may recognize the
force on the smaller block causes a greater acceleration
and therefore a greater final velocity, causing the students
to select choice B because they are only considering how
fast a given block is going. One TAwho selected choice C
stated, “[Students] may not realize they have different
accelerations and hence different velocities.” This implies
that the students who selected choice C may only consider
the mass difference and not the accelerations, thinking that
the blocks would end up at the same speed and thus the
kinetic energy of the larger block would be greater. It is
noteworthy that, unlike other questions, very few TAs
selected the responses that mention needing to know
values (choices D and E—selected by only 12% of the
TAs and 17% of the students). This is in contrast to Q23
and Q16, where 25% and 19% of the TAs selected answer
choices, which imply that more information is needed, but
these answer choices were selected by only 6% and 2% of
students, respectively.
On Q25, a box slides on a horizontal surface with

friction and comes to a stop. The question asks to identify
what is equal to the change in kinetic energy of the box.
There is one moderate difficulty on this question: 20% of
students selected an option that states that the momentum
of the box multiplied by the distance traveled before
coming to rest is equal to the change in kinetic energy

(choice A). The TAs did a poor job of identifying this
difficulty, and only 29% of TAs selected this choice. The
incorrect answer choice selected most often by TAs is a
choice which stated that the mass of the box multiplied by
the deceleration of the box is equal to the change in kinetic
energy (choice D). This was identified by 36% of the TAs,
however, only 12% of students selected this incorrect
answer choice. One TA who selected choice D stated, “I
think that the most common incorrect answer would be
[choice D] because [the students] are thinking about the
force due to friction…but then they’re missing out on the
distance, which [is the connection between force and]
kinetic energy change.” This suggests that TAs who
identified choice D expected students to confuse work
with force, when very few students did so. The poor
performance of TAs on this question is in large part due to
the fact that the most commonly selected incorrect answer
choice by TAs was the least commonly selected incorrect
answer choice by students. The TAs’ struggle was also
evidenced by the fact that many TAs had difficulty coming
up with ways in which students could get this question
wrong, with 11 out of the 70 TAs either leaving the
question blank, writing “N/A,” or indicating in their
written responses that their choices were a guess because
they felt that this question only required units to solve.
For example, one TAwho selected choice B said, “If they
don’t know dimensional analysis any choice could be
possible.” This indicates that many TAs thought that
students may not check the units and be able to recognize
the answer immediately, thus causing them difficulty
when attempting to determine the most commonly
selected incorrect answer choice.

5. Work done by gravity, (Q1, Q6)

Q1 and Q6 required understanding the work done by
gravity. On Q1, TAs performed poorly (PCK score of
39%), and on Q6, they performed well (PCK score of
86%), as shown in Fig. 2.
In Q1, a suitcase is lifted from the floor to a table. The

question asks to identify the factors (other than the weight
of the suitcase) that determine the work done by the
gravitational force and provides options: (1) whether it is
lifted directly up or along a longer path, (2) whether it’s
lifted quickly or slowly, and (3) the height of the table
above the floor. The most common difficulty here (34% of
introductory physics students) was to think that the path
affects the work. This is somewhat similar to Q8, where
students thought that the work done by the tension force on
a block lifted along a frictionless incline would be smaller
compared to if the block was lifted directly up (same
height difference). On Q1, only 38% of the TAs identified
this alternate conception compared to 51% on Q8, leading
to their lower PCK performance on Q1 (39%) compared to
Q8 (57%). In Q1, 28% of the TAs expected that students
might not recognize that the height matters and instead
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think that it was just the path that affected the work
(choice A), but only 6% of students made this selection.
One TA who selected choice A stated, “Students will
assume that the length of the path will affect the amount of
work.” This is another example where it could be inter-
preted that the TAs who selected answer choice A thought
that students might exhibit more novice-like thinking than
they actually do because these TAs did not realize that
most students know that the height matters (94% of
students did). Furthermore, 30% of the TAs expected that
students might think that the speed at which the suitcase is
lifted affects the work done on it—options D and E, which
included statement (2). But these answer choices were
selected by only 14% of students. One TA who selected
choice D said, “Intuitively, it feels harder to lift quickly
rather than slowly.” Another TA who selected choice E
said, “Since we physically feel more tired if we lift the
suitcase over a longer path or [lift the suitcase] faster, it is
common to misunderstand that it means more work is
done.” This implies that TAs who selected either choice D
or E thought many students would think about the physical
action of moving the suitcase and not consider the physics
principles relevant—once again, an example of some TAs
thinking that students exhibit more novice-like thinking
than they actually do.
In Q6 a satellite moves around the Earth in a circular orbit

at a constant speed, with the only force acting on it being
Earth’s gravitational force. The question asks to identify a
true statement about the satellite moving between two
points in the orbit among the following: (A) the gravita-
tional potential energy changes, (B) the work done by the
gravitational force is negative, (C) the work done by the
gravitational force is zero, (D) the velocity of the satellite
remains unchanged, and (E) none of the above. There is one
major alternate conception on this question: 46% of students
selected D. TAs performed quite well (PCK score of 86%)
because the vast majority of them identified this alternate
conception (84% of the TAs selected D). One TA who
selected D stated, “The speed of the satellite remains
constant, and it is tempting to confuse velocity with speed.”
This implies that most TAs were able to successfully
identify that students recognize that velocity and speed
are related but then do not recognize that the velocity has
direction and therefore will be changing as the satellite
moves along the path. We should also note that this is the
question on the EMCS with the highest percentage of
students selecting a given incorrect answer, which makes
the fact that so many TAs successfully identified it very
encouraging. (Even more encouraging is that on the four
questions with the highest percentages of students selecting
an incorrect answer choice—Q6, Q12, Q15, and Q22—
TAs’ PCK performance is good, suggesting that they did
well in identifying student difficulties when 38% of students
or more gravitated toward one incorrect answer choice.)

6. Mechanical energy is constant,
(Q13, Q15, Q17, and Q22)

Q13, Q15, Q17, and Q22 require understanding sit-
uations in which total mechanical energy is constant and
applying it correctly. On Q13, TAs performed poorly (PCK
score of 52%), whereas on Q15, Q17, and Q22, they
performed well (PCK scores of 79%, 77%, and 75%,
respectively), as shown in Fig. 2.
Q13 provides a diagram of two two-cart systems as

shown in Fig. 6. The question asks to identify the statement
that is true about the system just before the carts collide
among (A) the kinetic energy of the system is zero in case
(ii), (B) the kinetic energy of the system is greater in case
(i) than in case (ii), (C) the kinetic energy of the system is
the same in both cases, (D) the momentum of the system is
greater in case (ii) than in case (i), and (E) the momentum
of the system is the same in both cases. Here, 19% of
students either do not recognize that total mechanical
energy is constant or misapply this and select choice B,
with 39% of the TAs identifying this alternate conception
as common. 27% of TAs selected answer choice E,
thinking that students may not realize that the momentum
is zero in case (ii) and thus it cannot be the same in the two
cases. For example, one TA stated, “Students may ignore
the fact that the 2 carts in case (ii) move in the opposite
direction, so they won’t be aware that the momentum is
zero in case (ii).” This implies that TAs who selected
choice E think that students will not consider the vector
nature of the momentum and instead think that the
momenta of both carts in case (ii) will add to be the same
as the cart A in case (i). However, only 12% of students
selected this choice. Similarly, 17% of TAs selected choice
A, with one TA stating, “[Students] may treat kinetic
energy as vectors.” This implies that these TAs thought that
students who pick choice A would make the opposite
mistake of those who picked choice E. Meaning these TAs
thought students would think that kinetic energy acts as a
vector when it is a scalar quantity, but only 8% of students
selected this choice. Both choices A and E, being selected
by a combined 44% of TAs, imply that many TAs thought
that many students would exhibit more novice-like think-
ing (kinetic energy is a vector, momentum is a scalar) than
they do.
In Q15 two people of different masses are sliding

down a frictionless slide with both starting from rest at
the same height. The question asks to identify which
choice best describes which person has a larger speed at
the bottom of the slide. Here, 38% of students thought that
the heavier person would be faster at the bottom because
their greater weight causes a greater downward acceler-
ation (choice C). TAs performed well in identifying this
difficulty (79% of TAs selected option C, leading to a good
PCK score of 79%). One TA, for example, motivated their
choice by stating that it was due to the “misconception that
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heavier objects experience higher acceleration.” This is
encouraging, as it implies that the majority of TAs
recognize that after instruction students retain the alternate
conception that heavier objects have larger accelerations
when sliding on ramps.
In Q17, a ball is dropped from a high tower and falls

freely under the influence of the gravitational force.
Students are then asked to identify the statement that is
true about the situation among (A) the kinetic energy of the
ball increases by equal amounts in equal times, (B) the
kinetic energy of the ball increases by equal amounts over
equal distances, (C) there is zero work done by the
gravitational force as it falls, (D) the work done on the
ball by the gravitational force is negative as it falls, and (E)
the total mechanical energy of the ball decreases as it falls.
There are two moderate difficulties on this question: 25%
of students select choice A and 27% of students select
choice D. The vast majority of the TAs identify these
difficulties (66% selected A and 16% selected D), leading
to a good PCK performance (77%). One TA who selected
choice A said, “Speed increases by equal amounts in equal
times, kinetic energy is related to speed.” Another TA
stated, “The velocity increases with time linearly, but not
for kinetic energy.” This implies that TAs who selected

choice A thought that students may use kinematics to
recognize that velocity increases by equal amounts in
equal times and select choice A as a result. One TA who
selected choice D stated, “Since force is in the negative
direction, students might [overlook] the negative sign
coming from [the displacement] and assume the work is
negative.” Similarly, another TA stated, “Direction of
gravitational force may not be taken into account.” This
implies that students who selected choice D may recognize
that the ball must be falling downwards and associate that
with negative work, rather than recognizing the direction
of either the force of gravity or the displacement.
Q22 provides the diagram shown in Fig. 7 and states that

all three balls are launched from the same horizontal level
with identical speeds. The question asks to rank the speed
each ball attains when it reaches the dashed horizontal line.
There is one major difficulty and one moderate difficulty
on this question: 44% of students selected option A—(1),
(2), (3) and 20% of students selected options C—(3), (2),
(1). Here, 70% of the TAs identified the major difficulty.
For example, one TA stated, “[Students] may be looking at
the vertical velocity component.” This implies that these
TAs are able to recognize that students may focus on
the fact that the vertical velocity component of each ball

FIG. 6. Q13 from the EMCS with the options provided for reference.
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would be ranked in the order given, then select choice A
as a result. A few of the TAs identified the moderate
difficulty—13% of the TAs selected choice C. One TAwho
did so stated, “People think the sideways speed doesn’t
change, but the vertical one is being slowed down more.”
Similarly, another TA stated, “[Students will] consider the
horizontal speed.” This implies that these TAs thought
students might focus on the horizontal component of the
velocity staying the same and would select the ranking that
is based on this component, namely (3), (2), (1). We note
that similar to other questions, Q22 provides an answer
choice that the mass is needed in order to figure out the
ranking, i.e., not enough information (choice E). But here,
unlike in some other questions discussed earlier, very few
TAs selected this answer choice (9%), and it’s reassuring
that many TAs are able to successfully identify either the
major or moderate student difficulty on this question, parti-
cularly because this is the question with the lowest student
performance (only 28% of students answer it correctly).

7. Work done by a nonconservative force (Q9, Q12)

Q9 and Q12 require understanding work done by
nonconservative forces. TAs’ PCK performance was good
on both questions (69% and 74%), as shown in Fig. 2.
On Q9 three bicycles approach a hill in three separate

situations: (1) Cyclist 1 stops pedaling at the bottom, and
her bicycle coasts up the hill, (2) cyclist 2 pedals so that her
bicycle goes up the hill at a constant speed, (3) cyclist 3
pedals harder so that her bicycle accelerates up the hill.
The question states that the retarding effects of friction can
be ignored and then asks to identify all the cases in which
the total mechanical energy of the cyclist and bicycle is

constant. There is one moderate difficulty on this question:
21% of students selected an option that states that case (2)
is the only one in which mechanical energy is constant
(choice B), likely confusing mechanical energy with
kinetic energy. TAs did an okay job of identifying this
difficulty: 37% selected choice B; one TAwho did stated,
“[Choice B] contains the keyword constant speed, there-
fore I believe this is a good distractor for students who are
confused on conservation of energy.” Another TA who
selected choice B stated, “It sounds like kinetic energy
is conserved, but doesn’t account for potential energy
change.” This implies that these TAs recognize that
students might see constant speed and associate that with
constant total mechanical energy, without recognizing that
the potential energy is increasing as the cyclist moves up
the hill. Many TAs were also able to identify other less
prevalent difficulties: 27% of TAs selected choice C,
which states that cases (1) and (2) both have constant
total mechanical energy (selected by 14% of students) and
29% of TAs selected choice E, which states that all cases
have constant total mechanical energy (selected by 14% of
students). These suggest that as a group, the TAs are able
to recognize that there are multiple types of incorrect
reasoning students can use on this question and were able
to account for them accordingly.
In Q12 a box is pulled along a horizontal surface, with

friction Fk, via a constant horizontal force FA resulting
in constant speed. The question asks to identify what
statement is true about the motion of the box. There is
one major alternate conception on this question: 40% of
students think that FA > Fk and 64% of the TAs identified
this. One TA who did stated, “Some students might think
that the box is moving forwards, so FA is greater than Fk

FIG. 7. Q22 from the EMCS with the options provided for reference.
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(might not put much emphasis on constant speed corre-
sponding to constant kinetic energy)” and another TA
stated, “Since the box moves it may be tempting to say that
the force applied is greater [in order to create the move-
ment], but [the forces can be equal], and the box can move
at constant velocity.” This implies that most of the TAs
recognize that many students have the alternate conception
that an object moving at a constant velocity must have a
nonzero net force acting on it.

C. Overall findings for TA PCK vis a vis RQ1

Awareness of students’ common difficulties and being
able to understand student reasoning about why they are
having those difficulties after instruction are important
aspects of pedagogical content knowledge. An instructor
can take advantage of this knowledge of students’ common
difficulties and use it to assist with the development of
pedagogical approaches that assist in student learning
[38,39,95,99]. Our investigation used the EMCS instru-
ment to evaluate this aspect of pedagogical content knowl-
edge relating to energy and momentum concepts for 70
TAs, who were all first-year physics graduate students
enrolled in a TA professional development course. For
each item on the EMCS, the TAs were asked to identify
what incorrect choice they expected to be the most
commonly selected by introductory physics students after
traditional instruction and provide a short written explan-
ation to justify why they selected the choice they did.
Additionally, think-aloud interviews were conducted to
obtain more in-depth accounts of reasoning TAs use to
decide what alternate conceptions are most prevalent for
each item on the survey.
Below, we provide a brief overview of how our results

aligned with our research goals, organized by performance
and concept.

1. RQ1-A: Concepts in which TAs performed poorly
when identifying alternate conceptions

For three of the seven concept groups involved in the
EMCS, TAs performed poorly (received a normalized
average PCK score of less than 52%) when identifying
alternate conceptions based on their normalized average
PCK scores.
Conservation of momentum: In both questions dis-

cussed relating to conservation of momentum, many TAs
were not able to identify students’ alternate conceptions.
Instead, many expected certain incorrect answers to be
common when they were not. For example, Q10, in which
TAs overwhelmingly believed the students may not dis-
tinguish between an elastic and an inelastic collision. For
both of the questions, the TAs’ responses indicated that
many of them thought the students would exhibit more
novice-like thinking than they did. This indicates a dis-
connect between students and TAs on what the students
struggle with relating to the conservation of momentum.

Mechanical energy is constant and momentum is
conserved: In both questions discussed relating to total
mechanical energy being constant and momentum being
conserved for the system under consideration, we see
examples of common alternate conceptions held by stu-
dents that many TAs were not able to identify. Instead,
TAs’ selection of the most common incorrect answer
choice was spread over a few different options rather than
converging overwhelmingly on one. For example, on Q3,
comparable percentages of TAs selected the most common
incorrect answer choice and another answer choice that
was selected by few students, suggesting that many TAs
did not have a clear understanding of students’ common
alternate conceptions. Similar to the questions on con-
servation of momentum, many TAs’ responses indicate
that they expected students to exhibit more novice-like
thinking than they actually did. For example, on Q16, 19%
of the TAs expected that students may not consider the
relevant physics principles applicable and gravitate toward
the answer choice that implies that more information is
needed, i.e., specific numbers, but only 2% of students fit
this category.
Impulse-momentum theorem: In two of the three

questions related to the impulse-momentum theorem, there
are alternate conceptions that were not common among
students, but many TAs expected them to be common,
leading to poor PCK performance. In the third question in
this group (Q23), TAs’ performance was moderate, while
the majority of TAs identified one of the two alternate
conceptions, 25% of TAs who selected answer choices that
only a combined 6% of students selected, bringing down
their average score greatly.

2. RQ1-B: Concepts in which TAs did well when
identifying alternate conceptions

For two of the seven concept groups involved in the
EMCS, TAs performed well (received a normalized
average PCK score of greater than 67%) when identifying
alternate conceptions.
Mechanical energy is constant: Out of the four

questions discussed relating to total mechanical energy
remaining constant for a given system, we see one example
of a question in which there is an alternate conception
that was not common among students, which many TAs
expected to be common (Q13), and in the other three
questions, there are examples of alternate conceptions that
were common among students, which the majority of the
TAs were able to identify (79%, 66%, and 70% of the TAs
were able to identify the most common alternate con-
ceptions in Q15, Q17, and Q22, respectively). It is
encouraging that in most of the questions relating to total
mechanical energy being constant, many of the TAs were
able to identify students’ alternate conceptions, suggesting
that they had good intuition about where students struggle
with this concept.
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Work done by a nonconservative force: In both
questions related to the work done by a nonconservative
force, most of the TAs were able to identify students’
alternate conceptions. For example, on Q12, 64% of the
TAs identified that students would think that motion at
constant velocity implies a nonzero net force in the
direction of motion.

3. RQ1-C: Concepts in which TA performance
was context dependent

For two of the seven concept groups involved in the
EMCS, TAs were able to identify the common student
alternate conceptions well in some questions but struggled
in other questions.
Work-kinetic energy theorem: This group of three

questions proved quite interesting in that TA performance
was extremely varied: on Q25, they had one of the lowest
PCK performance of the survey, on Q8, their performance
was moderate; and on Q24, they had the highest PCK
performance of all questions. This is because on Q25, the
majority of the TAs were not able to identify the most
common alternate conception. On Q8, only around half of
the TAs identified the most common alternate conception.
Finally, on Q24, the vast majority of the TAs identified one
of the two alternate conceptions. While previous studies
have found context dependence of TA PCK performance in
prior studies [38–40], such extreme variation has typically
not been observed before.
Work done by gravity: These two questions provide

another example of context dependence of TA perfor-
mance: Q1—poor performance, Q6—high performance
(second highest on the entire EMCS). On Q1, only 38%
of the TAs identified the most common alternate con-
ception of 34% of students, and the rest of the TAs
selected answer choices that combined for only 20%
of student responses. However, on Q6, 84% of the
TAs identified students’ alternate conception, though
this may be due to the high prevalence of this alternate
conception (46% of students).

D. RQ2: Comparison with previous studies
which use similar methods

First, looking broadly at TAs’ PCK performance on the
EMCS, we find that out of 18 questions that have common
student alternate conceptions, the TAs performed poorly
on nine questions, moderately on two questions, and well
on seven questions. This is in contrast to the other two
studies in which this type of analysis has been conducted:
in the context of the FCI [39], out of the 23 questions with
common student difficulties, TA performance was poor
on 6 questions, moderate on 6 questions, and good on
11 questions; in the context of the TUG-K [38], out of the
17 questions with common student difficulties, TA per-
formance was poor on 6 questions, moderate on 5 ques-
tions, and good on 6 questions. Based on this, it appears

that TA PCK performance on the EMCS was generally
worse (poor performance on 50% of the questions) than
their performance on the FCI (poor performance on 26%
of the questions) and TUG-K (poor performance in 35% of
the questions). (We note that if we use the cutoff of 52%
for poor PCK performance in the other two studies,
the conclusion is the same; the percentage changes only
for the FCI from 26% of the questions having poor
performance to 30%).
One of the main findings when analyzing TAs’

approaches to identifying common student alternate con-
ceptions in the EMCS is that they often expected students
to exhibit more novice-like thinking than they actually did.
Looking back at the previous studies where we used a
similar methodology [38–40], we find similar results for
the FCI [39]. In particular, on the FCI, there were six
questions in which TAs’ PCK performance was poor (Q13,
Q15, Q16, Q22, Q25, Q29), and in five of these questions
(Q13, Q15, Q16, Q25, Q29), TAs’ poor performance can
be partially explained as the TAs expecting that students
would exhibit more novice-like thinking that they did. For
example, on Q13, a boy throws a steel ball straight up, and
the question asks to identify all the forces acting on the ball
after it leaves the boy’s hand and before it touches the
ground. The most common alternate conception (50% of
students) was related to the impetus view of motion: a
steadily decreasing upward force acts on the ball as it is
going up, and both on the way up and on the way down,
there is a constant force of gravity. Only 16% of the TAs
selected this answer choice. Instead, 44% of the TAs
gravitated toward an answer choice that included the
steadily decreasing upward force on the way up, but on
the way down, the force of gravity steadily increases as
the ball gets closer to the Earth (11% of students). These
TAs were aware that students would think that there is a
decreasing force on the way up (impetus view), but they
expected that students may also think that the force of
gravity increases as objects get closer to the Earth. In
other words, they expected students to exhibit more
novice-like thinking than they actually did.
Also, on the FCI, there were six questions (Q5, Q11,

Q12, Q21, Q23, Q28) in which TAs’ performance was
moderate, and in four of these questions (Q5, Q11, Q12,
Q28), the TAs’ performance can be partly explained by the
same reason. For example, on Q11 a puck is sliding along a
horizontal frictionless path, and the question asks for the
forces acting on it. On this question, 40% of the TAs
selected answer choices that did not include the normal
force, but these answer choices were only selected by
13% of students. In other words, many TAs thought that
students may not recognize that the surface exerts a force
on the puck, which was not the case.
In short, on the FCI, in 9 out of the 12 questions on

which TAs’ performance was lower than 67% (i.e., poor
or moderate performance), a close look at TAs’ choices
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suggests that they thought students were more novice-like
than they actually were.
For the TUG-K [38], findings are not as clear-cut, in part

because the survey is related to graphing and interpreting
graphs, and it is sometimes difficult to interpret certain
answer choices as more novice-like than others, though it
is possible in some cases. For example, Q6 provides the
velocity vs time graph shown in Fig. 8 and asks to calculate
the acceleration of the object at time t ¼ 90 s. Here, one of
the answer choices was 9.8 m=s2 and 20% of the TAs
selected this answer choice, whereas only 6% of students
selected it. In other words, 20% of the TAs expected that
students might not attempt to do any calculation based on
the graph and simply select the acceleration due to gravity,
but almost no students did. (The most common incorrect
approach was to divide 20 m=s by 90s, i.e., attempt to use
an equation like a ¼ v=t − 40% of students did this, but
only 20% of the TAs identified it as the most common
incorrect approach.)
Q7 is very similar: it also provides a velocity vs time

graph and asks for the acceleration at a specific time, and it
too provides an answer choice of 9.8 m=s2. Similar to Q6,
on Q7, 28% of the TAs expected that this answer choice
would be the most common, but only 6% of students
selected it.
The CSEM is a more difficult survey for students [40],

and the TAs also seemed to have less intuition about what
kind of reasoning students could use to arrive at incorrect
answers. The CSEM study [40] includes a comparison
with the FCI and TUG-K studies, which points out that
TAs found the PCK task to be more challenging in the
context of the CSEM compared to the FCI or TUG-K. It is
stated that this could be because “our daily experience
with the real world leads to a relatively predictable
(Aristotelian) world view, and TAs could more easily
reason their way to common misconceptions held by
students. Electricity and magnetism, on the other hand,
deals with concepts that are not primarily learned expe-
rientially (e.g., charges, fields, and currents), which likely
makes it more difficult to predict the [common alternate
conceptions] of students.” This difficulty can lead to the

TAs selecting answer choices that are due to more novice-
like reasoning than students may have, and there are a few
examples of that (more below). However, it is also noted
that [40] when engaged in the CSEM PCK task, the TAs
often “selected answer choices which incorporate both
correct and incorrect ideas” [40], and this can lead to the
TAs expecting that students are less novice-like than they
actually are (more below). But also, due to the CSEM
being more difficult for students, there are more questions
with multiple distractors compared to the FCI and TUG-K,
making it more difficult to identify specific instances in
which the TAs expect students to be more or less novice-
like than they actually are.
However, there are still questions that are in both of

these categories. For example, questions 8 and 9 on the
CSEM are analogous to some of the EMCS questions in
that they provide answer choices that state that more
information is needed when the questions can be answered
with the information provided. CSEM question Q8 pro-
vides the figure shown in Fig. 9 and states that in the figure
on the left, the charges (all positive) are such that the net
electrostatic force on q1 points to the left and asks what will
happen to the net force on q1 if a new positive charge þQ
is placed at the position shown in the figure on the right.
One of the answer choices states that the answer cannot be
determined without knowing the magnitude of q1 and/or
Q. Here, 27% of the TAs expect this answer choice to be
the most common, but only 8% of students select it. Q9 is
very similar, and 23% of the TAs select the answer choice
that states more information is needed, but only 5% of
students selected it.
Q21 is another example: this CSEM question asks what

happens to a positive charge placed at rest in a uniform
magnetic field. One of the answer choices corresponds to
confusing a magnetic with an electric field and states that
the charge will move with a constant acceleration since the
force has a constant magnitude. This answer choice was
selected by 31% of the TAs but only 8% of the students.
Instead, students were more likely to think that the charge
will move around a circle at constant speed (21% of the
students, 41% of TAs). In other words, 31% of the TAs
expected that students are more novice-like than they
actually are.

FIG. 8. Figure provided for Q6 on the TUG-K. FIG. 9. Figure provided for Q8 on the CSEM.
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And yet on other CSEM questions, the TAs expected
students to be less novice-like than they actually are. For
example, on CSEM question Q2, a small amount of
negative charge is placed at some point P on a neutral
hollow sphere made of electrically insulating material.
Here, 21% of the students do not distinguish between
insulating and conducting and think that the charge has
distributed itself evenly over the outside of the sphere, and
25% of the TAs identify this difficulty as being the most
common. However, 49% of the TAs select the answer
choice that states that most of the charge is at point P, but
some spreads over the sphere, which is what would happen
if the sphere was not perfectly insulating, i.e., it’s an
answer that is “closer” to the correct answer than confus-
ing insulating with conducting. But only 5% of students
select this answer choice.
There are a few other examples, but in general, for the

CSEM, it was more difficult to find instances in which the
TAs expected students to be either more or less novice-like
than they were for the aforementioned reasons.

IV. SUMMARY AND KEY FINDINGS

Our findings reveal that even motivated physics gradu-
ate TAs struggle to understand how introductory physics
students reason about physics concepts. This gap between
physics TA assumptions and the reality of student diffi-
culties can have profound implications for helping students
develop a robust knowledge structure. TAs who overesti-
mate student difficulties may design activities that are
insufficiently challenging, failing to promote the cognitive
engagement necessary for deep learning. Conversely, those
who underestimate challenges may create activities that
frustrate and discourage introductory physics students.
The solution may lie in developing TA capacity to under-
stand and respond to student thinking. The approach to
professional development discussed in this research
addresses TA understanding of student difficulties by
making student thinking visible through analysis of con-
ceptual assessment data related to energy and momentum.
This can challenge TAs’ incorrect assumptions about
student difficulties by comparing predictions with reality
and building pedagogical reasoning through interpretation
of patterns in introductory student thinking, e.g., via
in-class discussions.
For example, often on questions on which the TAs

performed poorly, they expressed that they thought
students would make mistakes that were more novice-
like than what the students actually did. This can be seen
in examples like Q5, Q8, and Q10 in which TAs’
performance was below 60%. This implies that many
TAs tend to think that students will not have some of the
baseline knowledge, like understanding the difference
between types of collisions or, for example, the difference
between the magnitude of the tension force when an object
is pulled directly upwards or along an incline plane.

Although these topics are covered in introductory physics
courses relating to energy and momentum, many TAs still
expected that introductory physics students would retain
novice-like alternate conceptions after instruction, as if
they had not learned anything about a given topic.
Encouragingly, on the majority of the questions in

which there was a major student difficulty, many TAs
were able to identify it: overall, they performed well on
4 out of the 6 questions on which there’s a major student
difficulty. In contrast, the TAs performed well on only
3 out of the 12 questions, which have at most a moderate
difficulty. This implies that many TAs are more able to
recognize introductory physics student alternate concep-
tions when they are very common. This is in contrast with
the TUG-K [38], in which many TAs struggled more on the
questions that had major difficulties, suggesting that some
TAs have a more difficult time identifying major diffi-
culties in the context of kinematics graphs than in the
context of energy and momentum. This suggests that the
findings from one study on TAs’ ability to identify student
alternate conceptions are hardly generalizable, and
research should be conducted with other surveys to
examine the extent to which TAs are knowledgeable about
introductory physics student alternate conceptions across
different physics topics.
With regard to professional development programs,

there are a few examples discussed in the introduction
[75,97–99,110], which incorporate activities designed to
help TAs learn about common introductory physics student
difficulties. Given the prominence of PCK in the research
literature on teachers at the K-12 level and the fact that one
of the important parts of PCK is knowledge of student
difficulties, such activities are surprisingly rare from
descriptions of many professional development programs,
specifically for graduate TAs who are an essential part of
college education in the United States. We believe the PCK
activity presented here, along with the data for both
graduate TAs and students, can be particularly beneficial
for developing TAs’ knowledge of common student
difficulties. Two of the authors have extensive experience
with using PCK tasks in professional development pro-
grams. These kinds of tasks are especially beneficial for
TAs, particularly if they are followed by sharing data from
introductory students and discussing common student
alternate conceptions. Additionally, data discussed here
that includes information about what introductory student
alternate conceptions TAs struggle to identify are also
useful in determining which questions on a conceptual
survey can be particularly conducive to productive TA
discussions about student difficulties. Q3 is a good
example because there is only one common alternate
conception, but the TAs are split between three answer
choices. Thus, in a group discussion, it is likely that TAs
would come up with reasons why students may select
multiple answer choices, and arguing for their position
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will help them develop a better grasp of student thinking.
As noted in earlier studies [38,39], TA discussions lead
them to converge on a more common incorrect answer
choice and thus learn about student alternate conceptions
in the process.

V. CONCLUSIONS AND FUTURE DIRECTIONS

By investing in effective professional development that
helps TAs understand introductory physics student think-
ing as described here, physics departments can create
cascading effects, i.e., better prepared TAs become more
effective instructors as TAs, who may become future
faculty members committed to evidence-based teaching.
The path to effective physics education requires funda-
mental shifts in how we prepare educators. In particular,
we should move beyond simply providing educators with
technical training, e.g., in logistical details for how to teach
them and help them develop a robust understanding of
introductory student thinking, and the research discussed
here in our previous articles using a similar methodology
[38–40] can provide a good starting point. This is
important in order to prepare educators who don’t just
transmit knowledge but facilitate effective learning expe-
riences for students. In particular, these studies can provide
useful activities to help TAs understand student reasoning.
Future work may consider investigating other activities
that can assist in developing TAs’ understanding of student
reasoning and investigate longitudinal effects of these
activities on early educators.
This study showcases an activity which can assist with

the development of educators’ understanding of introduc-
tory physics student reasoning, which is a fundamental
aspect of effective instructional design. The gap between
what TAs assume about introductory physics student
cognition and how students actually think represents both
a challenge and an opportunity. By making this gap visible
and providing structured support for developing PCK,
we can prepare introductory physics educators who are
capable of implementing active learning that promotes
robust understanding using evidence, e.g., of student
difficulties, to continuously improve their teaching. The
methodology presented here uses conceptual assessments
to evaluate and develop PCK and provides a practical,

scalable approach to effective teacher preparation. While
demonstrated in physics, the principles and practices we
described here can be applicable across STEM disciplines.
Future research should explore how the findings pre-

sented here can be adapted across different institutions
in TA professional development programs. Although we
hypothesize that TAs at large public research universities
in the United States like the one presented here would have
similar PCK about the EMCS concepts, any differences
in findings across different types of institutions across the
US and internationally would be useful in shedding light
on how different the teaching assistants’ PCK is about the
EMCS concepts across different types of institutions.
Similar studies that focus on the confidence and consis-
tency of individual TAs may provide further insights about
the abilities of TAs to identify these common difficulties.
It may also be insightful to complete a follow-up study that
identifies the same TAs’ PCK after a set amount of time to
see how consistent they are with their responses and/or to
check retention of common student difficulties if they were
specifically told them. It may be interesting to see how
much TAs retain their knowledge about these difficulties a
few weeks after the activity is completed or even after the
professional development course is over. This may provide
insight relating to how often a task like this should be done
in order to prepare TAs for a semester of teaching, we
hypothesize that it may be relevant for them to repeat this
exercise at least a few times as a reminder of common
student difficulties before they retain a significant amount
of the common difficulties which students may have.
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