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Traditionally, scholars in physics education research have focused on students solving well-structured
learning activities at the university. However, due to their constrained nature, these problems hinder
collaboration and idea generation. In order to encourage student collaboration and decision making
demands among undergraduate students in an introductory physics course, we utilized a real-world
problem where groups were asked to compose a well-structured physics problem for younger learners. In
this study we explored how they collaborated in composing physics problems. Data collection consisted of
audio recording of the group discussions while they were collaborating to develop their physics problems
and their respective problem solutions. Through interviews, we accessed participants’ perceptions of the
task and related challenges. Results suggest that composing problems is an opportunity for participants to
propose ideas and make decisions regarding the goals of the problem, concepts and procedures, contextual
details, and magnitudes and units to introduce in their activities. Further, participants valued the open-
ended nature of the task and recognized its benefits in utilizing physics ideas into context, which in turn
enabled collaboration in a way not experienced by them with traditional well-structured problems. These
findings shed light on the nature of composing physics problems in undergraduate courses, where
participants assume a different role by facing a real-world activity that encourages expertise through

physics-related communication and writing.
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I. INTRODUCTION

Physics education has long relied on problem solving as
a mechanism to foster student learning. In general, the
problems used have been classified within two broad
categories, namely, well-structured and real-world prob-
lems. While prevalent in physics curriculum, physics
education research (PER) scholars have lately found that
well-structured physics problems have little effect in
students’ conceptual development [1,2] and collaboration
opportunities [3,4]. The consistent engagement with well-
structured physics problems fosters superficial problem-
solving strategies (e.g., “plug and chug”), which discourage
students from reflecting upon the physics concepts and
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principles, and thus limits their conceptual growth [1,2].
Students solving well-structured problems experience low
levels of positive interdependence (i.e., collective percep-
tion that group performance enhances benefits and success)
[5,6], which motivates the individual rather than collabo-
rative performance [7,8]. On the contrary, PER scholars
have found that using real-world problems in the classroom
can potentially create opportunities for students to engage
in problem-solving skills, and increase conceptual develop-
ment and decision making [9,10]. The learning opportu-
nities that real-world problems promote have a great
importance for the PER field, which must rapidly adjust
to the fast and ever-changing professional responsibilities
that their students will encounter after graduation.
Real-world problems present learning situations that
emerge from real-life experiences and/or demands, such
as composing problems for younger learners. These
problems are characterized by having low numbers of
problem-related constraints, and therefore a multiplicity
of pathways towards solutions [6]. The PER literature on
the subject has found that success with real-world prob-
lems is achieved when students display an appropriate
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knowledge domain, the ability to regulate thoughts and
beliefs, and to justify ideas and/or decisions [11]. These
findings have been extended by studies about context-rich
problems, which support the importance of having expe-
rience in dealing with unfamiliar situations [12], and
effective group processes [4].

While existing studies have clearly established the value
of introducing real-world problems into the physics class-
room, there is still little information about the dynamics of
collaboration among students when composing (i.e., writ-
ing) physics problems, specifically when it comes to the
negotiation of physics concepts and task related ideas. This
paper describes the benefits and challenges experienced by
undergraduate physics students when composing real-
world problems in groups. We explored the physics related
ideas and various collaborative processes involved in a
physics writing-to-learn (WTL) activity. The results of this
study suggest that composing real-world problems in the
physics classroom promotes discussions about the goals of
the problem, concepts and procedures, contextual details,
and magnitudes and units to introduce in their activities. In
addition, evidence shows that participants decided on the
concepts and procedures through a combination of mech-
anisms defined as follows: equation-driven approach and
concept-driven approach, two mechanisms that mimic
problem-solving strategies associated with both novices
and experts. Finally, even though participants admitted to
having little experience with solving real-world problems,
they valued the open-ended nature of the task and high-
lighted the positive learning outcomes of group discussions
that led to the application of physics ideas in a specific
context.

This paper is structured as follows: First, we cover the
literature on problem solving in physics and collaboration.
Next, we view problem solving through the lens of WTL
notions about composing group problems and how and
why these are important questions to consider when
presenting students with a disciplinary-based writing task.
Then, we report on the data and connect the findings to
current discussions about student learning in physics,
conceptual development, and collaboration. Our findings
suggest that using real-world problems that are framed
within tasks that clearly state real audiences and contexts,
expectations, procedures, and require group discussions
can positively support student learning in the discipline.

II. COMPOSING PHYSICS PROBLEMS
AND EXPERTISE

The relationship between conceptual development and
disciplinary enculturation at the undergraduate level has
been an ongoing discussion among education scholars.
From a situated learning perspective [13], learning has been
framed as a process that happens through participation in a
community, and its importance extends far beyond the
acquisition of skills and knowledge. When engaging in the

specialized activities of a community, the individual gains a
social position in the community as well as an identity
[14,15]. Longitudinal studies of undergraduates engaging
in the work of different disciplines have shown this identity
shift from being novices to more experienced members
of their disciplines, examples being in the social sciences
[16], science, technology, engineering, and mathematics
(STEM) disciplines [17,18] and in humanities [17]. In all of
these cases, students’ transformation was accompanied
by a more nuanced understanding of disciplinary core
ideas; in Meyer and Land’s terms [19], the disciplines’
threshold concepts, namely, those concepts that once
acquired, changed completely how the discipline was
understood. Naturally, every discipline has specific ways
of familiarizing students with their threshold concepts.

In PER, scholars have been researching the learning
consequences of students engaging in different discipli-
nary-based tasks. Overall, studies found that solving tradi-
tional well-structured problems does not necessarily lead to
adequate conceptual development [1,2]. According to Byun
and Lee [1,2], the best predictors of conceptual develop-
ment are the strategies used for solving the problems—
rather than the number of problems solved. Expert problem
solvers usually tackle problems drawing on knowledge
development; that is, they first build an extensive con-
ceptual understanding before they attempt to solve a
problem [2]. Alternatively, less experienced problem
solvers follow a means-end strategy; they focus first on
the problem’s goals before attempting to build conceptual
meanings, a strategy that makes them work backwards
and overlook the meanings associated to solving the
activity [3,20]. In general, well-structured problems
tend to encourage means-end rather than knowledge-
development strategies, because students frequently
focus on finding the equation that best fits the problem,
a behavior typically associated with novice solvers
[1,2,21]. This equation-driven approach enacted by novi-
ces has also been labeled as bottom-up logic [22,23],
whereas experts are more likely to engage with top-down
strategies: they begin from general principles and then
move down to mathematical representations and equations
that enable them access to the solution [20,21].

In the same line, qualitative physics problems can
provide a rich opportunity for students’ learning [23-25]
as well as collaboration [26,27]. More specifically, PER
scholars have explored the consequences of students
composing qualitative physics problems and have found
positive learning outcomes. In traditional undergraduate
physics courses this practice is usually unfamiliar to the
students, who have been trained since high school to solve
well-structured problems. For instance, Hardy and col-
leagues [28] designed a course where students periodically
were asked to create their own multiple-choice questions.
This activity resulted in positive learning outcomes, espe-
cially for low and middle performance course participants.
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According to Mestre [29], composing questions is a
cognitively demanding task that sheds light on the develop-
ment of students’ expertise and knowledge transfer into
different contexts. It can also help diagnose the stage of
conceptual development of the learners, a useful pedagogi-
cal tool that can guide further instructional decisions. In
this case, students’ productions might reflect failings and
limitations of given instructional strategies—for example,
if students’ problem-generation process relies mostly on
procedural than on declarative knowledge [29].

It is also important to point out that the writing-to-learn
(WTL) literature has found that the very act of writing
within disciplinary settings fosters intellectual development
[30,31]. When students write physics problems, they face
the challenge of making appropriate choices in relation to
the genre (i.e., context, audience, writer) [32] and in its
content (variables, questions, formulas) [33]. In addition,
writing is a creative process where writers draw on linguistic
and cultural resources to develop new thoughts [34,35].
Specifically in science education, the most beneficial writ-
ing assignments have been found to be those that state
explicit goals; that prompt critical thinking, creativity and
application of knowledge; assignments that foster collabo-
ration among peers; and that encourage decision making
[18]. Overall, these types of writing activities engage
students in knowledge transforming processes [36].
Recent examples from science instructors operating within
this WTL framework include drawing assignments in the
biology classroom [37], composing memes in a psychology
course [38], or writing science articles for nonacademic
audiences in biology and molecular biology courses [39].

In physics, composing problems is a real-world task
[12,29] frequently engaged by teachers and instructors. A
real-world problem requires solvers to have the ability to
generate subjective assumptions over issues relevant to the
problem context, in order to transform and constrain the
open-ended scenario into a well-structured one [12,40].
These real-world problems are designed for the highest
level of cognitive demand, known as knowledge utilization
[9,41], which include competencies associated with idea
generation and decision making, a set of processes that
benefit from collaboration [42,43]. Having been exposed to
such cognitive demand is what separates novices and
experts when successfully solving real-world problems
in physics [12]. According to Fortus [12], when solving
real-world physics problems, the hardest choices to make
are associated with the absolute or relative magnitudes of
the variables involved, a practice rarely found in introduc-
tory courses and related tasks. In contrast, easier choices
relate to physics variables and principles involved in the
problems [12]. In his study Fortus did not consider,
however, the rhetorical demands that the task imposes to
the students.

When novices are assigned a task that is usually carried
out by more expert members of the community, they are

encouraged to think like experts would. In the case of
students writing physics problems, they are asked to imitate
the thinking processes and discursive choices of their
instructors, a form of mimicry that could lead to a more
sophisticated understanding of the subject matter, creative-
relevant skills, and prompt new disciplinary questions [19].
Furthermore, creative problem solving also requires knowl-
edge-relevant skills [44], or in other words, an appropriate
understanding of the subject matter and related procedures
involved in creative thinking. In our study the content
relates to circular motion, a phenomena that has been found
to be challenging for teachers and students, particularly due
to misconceptions around the idea of inertia [45-47].

This section presents theories and empirically based
research that indicated the benefits of composing
physics problems for students’ disciplinary enculturation.
Specifically, the open-ended and real-world nature of the
task, as well as its written component seem to provide rich
learning opportunities, and promote creativity and problem
solving. Since asking students to engage in expertlike
behaviors is a challenging endeavor, student collaboration
becomes critical. The following section covers in more
detail the theoretical underpinnings of collaboration and
problem solving, and also reviews relevant studies that have
addressed this issue in physics education.

A. Collaboration and problem solving

Although much of the learning that happens within a
classroom is centered around the individual’s performance
(e.g., in exams, readings, lectures), from a sociocultural
perspective, it is through collaboration with peers that
learning and development happens. Therefore, this frame-
work explores learning not as an individual endeavor, but
instead as a collaborative process with peers, which
activates what is known as the zone of proximal develop-
ment (ZPD) [48]. Vygostky points out that when an
individual collaborates with peers in a challenging task,
they learn new ways of solving problems that subsequently
lead to a cognitive reorganization and transformation (i.e.,
development) in the subject matter [34].

This way of thinking about learning has led to many
studies that compared an individual performance in a task
versus the group performance. In mechanics, students
facing context-rich problems in groups provided better
problem solutions than individuals working alone [3,4].
Furthermore, students’ discussion for problem solving has
prompted engagement with problem-solving strategies
typically associated with experts, such as qualitative
descriptions of the phenomena [26,27] and learning gains
[49]. Equally important, undergraduate students across
disciplines have reported that projects that enable col-
laboration with peers constitute more meaningful learning
experiences [50].

In the context of problem solving as a group activity,
research has found that collaboration operates differently

010120-3



PULGAR, FAHLER, and SPINA

PHYS. REV. PHYS. EDUC. RES. 17, 010120 (2021)

depending on the nature of the task. For instance, well-
structured physics problems might be associated with
disjunctive activities [7], as these do not necessarily
demand collective efforts to find the right solution.
Contrarily, the activity of composing physics problems
might be associated with additive tasks [7], because a good
performance would likely emerge from the sum of all
members’ contributions and relevant abilities. This creative
problem would present higher levels of positive inter-
dependence [5] in contrast to algebra-based tasks, as its
solution stemmed from collective contributions [51-55].
The collective process of coming up with ideas to
compose physics problems remains an unknown territory
for educators, as we still do not know what type of ideas
students engage in for decision making and their strategies
and mechanisms for collaboration. Therefore, in this study
we explore how groups work together to compose a physics
problem for an audience of high school students. In doing
s0, we attempt to answer the following research questions:
RQ1: What are the physics and task related ideas that
participant groups addressed when composing a
physics problem for high school students?
RQ2: What are the perceived benefits and challenges of
composing a physics problem for high school students ?
RQ3: How do participant groups collaborate when
composing a physics problem for high school students ?

III. METHODS

A. Research contexts and participants

This qualitative study was conducted in two sections
from an undergraduate introductory physics course at a
private university in Chile. The course curriculum
addressed contents such as vector algebra, kinematics,
Newton’s laws, and rotational dynamics. Each course
section was taught by a different physics professor, who
covered the same curriculum during two weekly lecture-
based sessions, and one problem-solving session, where
participants typically worked in groups to solve well-
structured and real-world physics problems. Section I

had 34 participants (8 females, 26 males), and Sec. II
had 37 participants (13 females, 24 males). All of the
research participants pursued a college degree in engineer-
ing and were in their first or second undergraduate
year. The course was taught in Spanish, the participants’
native language.

As part of a larger research project, instructors were
assigned two alternative strategies to guide the problem-
solving sessions. The instructor froproblem-solving Sec. I
was asked to guide the problem-solving session by high-
lighting the importance of creativity and social interactions,
and responded to participants’ questions by guiding them
towards classmates who could have the answer. The
instructor in Sec. II made no reference to creativity for
composing the physics problem and responded to partic-
ipants’ questions by providing direct information.

During a problem-solving session on the seventh
week of the semester, we presented participants with the
activity in Fig. 1. As shown in Fig. 1, the prompt first
presented the rhetorical strategies (e.g., describe, plan,
define) that participants should follow. These strategies
served to scaffold the students’ composing process, con-
sidering their minimal experience performing as writers of
physics problems. Additionally, the activity was contextu-
alized within a concrete scenario and a specific audience
(i.e., a high school classroom, their teachers and students),
all important elements from a WTL perspective [56]. At the
same time, students were asked to both apply conceptual
knowledge and plan, monitor and evaluate the choices they
made. Lastly, following the recommendations from Heller
and Hollabaugh [3], we formed groups of 3 to 4 partic-
ipants, as this group size has shown to perform better than
pairs and larger groups in solving context-rich problems.

Overall, the characteristics of the activity aligned with
what Gere and colleagues [18] found as key dimensions of
writing assignments that promote effective learning in
science; namely, meaning making, interactions, clear
expectations, and metacognition. This was a meaning-
making activity because it asked participants to integrate
their physics knowledge and adapt it creatively in the form

Task for Data Collection

To solve the following problem assigned to your group, consider the following strategies:

Plan and define a strategy to develop a solution.
Build on your strategies to execute the solution.

Problem:

Describe the problem in terms of physics concepts and principles.

Check and assess your results and appropriateness of your solution.

As part the university community, you and your team have been selected to teach the kinematics of circular motion to high school
students. It is known that individuals are capable of understanding new content and information when it is contextualized or
applied and connected to daily situations. Physics and math teachers from the school where your team will teach the physics of
circular motion have been preparing their students in the needed mathematical content to ease their physics learning. With this,
your team is responsible for identifying daily situations that would enable the study of circular motion and create a math-based

problems for high-school students to solve.

FIG. 1.

Real-world physics problem administered to course participants.
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Group 1

A person on his/her car wants to move from university
campus to the city downtown, a trajectory of 2 km in
longitude. The car starts from rest with a constant
acceleration of 10 m/s?. If the car wheel has a radius of 30
cm: a) What is the wheel’s final tangential velocity? b) What
is the wheel’s final angular velocity? ¢) What is the final
angular distance? d) Determine the number of complete
revolutions made by the wheel.

Group 3

Two friends bike together from school to the beach, a trip
that takes 10 min. The perimeter of the bicycle wheel is 6 m,
and the time that takes the wheel to complete a revolution is
3 s. Determine the distance covered by both friends knowing
that they move with constant speed.

Group 2

A group of college students had the brilliant idea to put
one of their peers into a 1 m radius barrel and push them in
it. With such enthusiasm, students could make the barrel
spin with an angular acceleration of 2 rad/s?. If the initial
angular speed was 2 rad/s, respond: a) If the student inside
the barrel reaches more than 150 complete revolution in
the first 30s, he/she will vomit. Is it possible for them to
reach this?; b) Determine the angular and tangential speed
at 30s.

Group 4

Donkey Kong wants to throw barrels to King K Rool. For
this, Donkey Kong throws one with an angular speed of 2
rad/s. By knowing that at 3s its speed is 107 rad/s, and that
the barrel impacts at 5s, determine: a. the angle covered by
the barrel; b. the magnitude of the centripetal and
tangential acceleration at the moment of impact at 6 cm
from its center; c. frequency and period.

FIG. 2. Problems generated

of a problem for high school students. At the same time,
participants needed to compose these problems in groups,
which promoted collaboration. When participants needed
to negotiate choices within their own groups, they had to
verbalize and explain their thoughts to the group to reach
consensus, an action that fosters metacognition—defined
as conscious awareness of mental processes [57]. The
activity listed clear expectations by providing information
about the genre (a physics problem), the audience and
context (high school students), the concepts (kinematics
of circular motion), and the steps to follow. In addition,
the activity asked participants to rely on their own
experiences—or “funds of knowledge” [58]—to complete
the activity, since the participants themselves had previ-
ously been high school students who would solve physics
problems.

Our study focuses on four of the groups, two from each
section. In Sec. I, groups Gl (2 female and 2 male
participants) and G2 (4 male participants), and from
Sec. II, groups G3 (2 female and 1 male participants)
and G4 (4 male participants). The group selection was
based on the instructors’ experience working with the
students. According to the instructors, these were the 4
groups that had displayed the best performance solving
previous tasks. We had no access to additional participants’
information in terms of their age, race, socioeconomic
background, or grades. Figure 2 depicts the physics
activities composed by these four groups. All of the
problems fall under the category of well structured, and
with various levels of originality and appropriateness for
younger students. A more detailed analysis of the physics
problems composed by these groups and the rest of the
class participants can be found in Ref. [33].

B. Data collection and analysis

The present study is informed by two data sources: audio
recordings from the group problem-solving session and
individual interviews with group members. The former

by groups 1, 2, 3, and 4.

provided information about the disciplinary content,
problems, and negotiations among participants as the
activity developed; while the latter added more specific
information about the characteristics, strategies, and chal-
lenges that the participants experienced when solving the
activity. Both data sources were collected to provide
evidence for RQ1 (audio recordings), and RQ2 and RQ3
(individual interviews).

First, we audio recorded 1.5 h of the interactions from
groups G1, G2, G3, and G4 as they were solving the
activity. A total of 295 min of audio recording were
transcribed by identifying speech turns. We understand
speech turns from a conversational analysis perspective,
namely, utterances that are not only responses to previous
utterances but also prompt future responses [59]. For
example, Participant 1: How did you obtain the number
of revolutions? Did you multiply the number by some-
thing?; Participant 2: There is one revolution and two
revolutions. This example illustrates two speech turns: the
first turn is comprised by the questions from participant 1;
after participant 1 voiced his questions (a sign of the end of
his speech turn), participant 2 takes on the speech turn and
answers the questions. The day after the session, we asked
one group member per team to volunteer for a 15-20 min
interview. In total, we carried out 4 interviews. The inter-
views were semistructured, a choice that is flexible enough
to understand how each participant makes meaning of the
experience in their own terms and, at the same time,
provides a structure to compare the information among
the different participants [60]. In the interview, participants
were asked about their experience composing physics
problems, benefits, challenges and the way they collaborate
with their teammates and others (see interview protocol in
the Supplemental Material [61]). The interview protocol
was also designed to elicit the differences between well-
structured and real-world problems. The analysis of group
recordings and interviews was conducted in Spanish, and
the quotes presented as evidence were translated to English.
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TABLE L
physics problem.

Code book of emergent categories and themes addressed by 4 participant groups during the task of composing a

Code

Description

Example

Audience and learning goals

Physics concepts and
procedures

Problem context and
wording

Discussing magnitudes
and units

Algebraic procedures

Physics of circular motion
in context

Problem definition

Team discusses and makes decisions regarding
the learning goals for the generated problem,
and the expectation of what the targeted
students should learn from it, which mediates
the degree of difficulty taking in
consideration the school level of the targeted
students.

Team identifies, poses and decides on the
physics concepts to use into the problem, as
well as the ways in which these concepts
align with the generated problem to be well
structured, and consistent with the task
requirements.

Team poses and decides on the
contextualization of the problem (i.e., place,
subjects, actions, etc.), and the wording of the
problem.

Team discusses and decides the magnitudes
scores and values, as well as measurement
units for the physics concepts (e.g., 10 km/h,
20 s, 2.5 km) to be introduced into the
problem’s description.

Problem solving strategies
Team describes algebraic steps to obtain
physical quantities as a way of solving the
problem, normally mentioned to justify the
appropriateness of the designed problem.

Team engages in a qualitative description of the
physics regarding the circular motion in the
context under consideration for the problem.

G1: What is the goal of this (activity)? I mean, of
teaching this?; It would be like explaining them
(high school students) how these (movements)
work.

Gl: I supposed we need to include the equations.
That way they only need to replace; So the
problem must be in order. First you calculate
one (value), which then allows you to find
another.

G4: Let’s do something cool, like a wooden
spinning top.; Gl: If I want to say that the car
wants to move from A to B, is that displacement?

G2: How much do we say the acceleration will be?;
G1: Do you want the car to get to its destination
fast or slow?

G4: Because you have the angular speed at 3s,
which is 10z, so 10z is equal to (angular)
acceleration plus the initial angular speed.

So then you clear and get the (angular)
acceleration.

G3: There is also velocity, this velocity that goes to
the middle. This is the one that enables... This
was related to forces if I remember. The topic of

the two forces pointing out to one side.

This translation was checked by the research team, which
includes two bilingual speakers who were Spanish native
speakers, and one English native speaker.

Because of the linguistic nature of the data, we chose to
carry out the analysis of both the group sessions and the
interviews applying qualitative coding techniques. From a
qualitative research standpoint, the coding of verbal data
can be defined as “the analytic task of placing non-numeric
data into descriptive categories, assigning them to codes”
[62] (p. 3). We segmented the transcribed data into topical
chains, defined as units of discourse consisting of clauses
organized around a topic [62]. This choice enabled us to
capture the different ideas that the participants were bring-
ing into their understanding of physics problems. To
identify the borders among the ideas, we relied on linguistic
resources. For example, as an answer to the interview
question about the process of solving well-structured
problems, participant 1 answered: “[When 1 face a

well-structured problem, my goal is to solve it. At that
moment, I barely reflected. Since I have the data, I use that
data in the given formulas and that’s it. I obtained my
result.] [However, when facing an real-world problem....].”
In this excerpt, we identified two topic chains. The first one
structured around the cognitive processes of solving well-
structured problems and the second one, around the real-
world ones. In the previous example, it is the transitional
device “however” that clearly established the beginning of
a new topic chain.

After segmenting all the data, coding was conducted in
stages assisted by NVivo 12 plus software. First, we coded
the data from the group activity drawing on grounded
theory [63] techniques. A grounded theory approach
stresses the situated and contingent meanings present in
the data. Thus, it enabled us to adopt an emic perspective
[60,64]. An emic perspective underscores the conceptual
schemes, words and categories that participants rely on, and
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TABLE II.

Code book for analysis of participants’ interviews.

Code Description

Examples

Features of well-structured
problems

Features of real-world
problems
real-world physics problems

Collaboration for solving
well-structured problems

Collaboration for solving
real-world problems

Makes reference to attributes, advantages,
challenges and strategies for solving
well-structured physics problems

Makes reference to attributes, advantages,
challenges and strategies for solving

Makes reference to the collaboration strategies
for solving well-structured physics problems

Makes reference to the collaboration strategies
for solving real-world physics problems

Part.K: ...are daily life situations, but with concrete
information so there nothing to do, so you go
and replace and use the equation and it is ready;
Part.G: It is mechanic, like you do not make the
effort to understand it, bur rather try to get the
pattern

Part.B: It is harder because we are not use to create
problems on our own; PartJ: I believe that the
real-world problem is better, because you have
to think harder and realize stuff

Part.K: If we are on the same group we try to solve
it individually. Then if one gets stuck then would
ask other member, and this member gets stuck
would ask, and like that

Part.B: We all have to pay attention or we may miss
something; Part.J: Here we did all together. For
this problem (composing a problem) at least, we
all gave ideas

strives to build a description of the phenomena based
on the participants’ experiences. At the same time, an
emic approach opposes an etic approach, because the
latter revolves around the researchers’ categories and
experiences.

Initially, we reviewed 25% of the group discussion data,
using segment by segment coding [63], and identified
emergent issues and ideas participants discussed for solving
the problem by attending to the dimensions that require
decision making, and strategies for solving physics prob-
lems (i.e., algebra, conceptual understanding of circular
motion). This exploratory analysis led to a first coding
scheme with 12 emergent themes associated with different
problem-solving stages and ideas for composing a problem.

When we revised this initial coding scheme, we noticed
that some codes emerged as part of broader issues
within the group’s discussion, and thus decided to merge
similar codes. For example, after the first analysis we
identified that participants regulated the complexity of their
problem—regulating complexity, by positioning them-
selves in what the targeted students would do for solving
their problem—behavioral expectations, and then trying to
achieve the learning goals of the activity—learning goals.
Consequently, we considered the learning goals in relation
to the audience to be the broader theme that linked
complexity and expectations, and we decided to merge
them into one code labeled as ‘“audience and learning
goals.” We followed this rationale with closely linked codes
and came up with the final code book shown in Table L.

After revising the code book, we met with a doctoral
researcher trained in qualitative coding, discourse, and text
analysis whose first language is Spanish to review and
redefine the code book. We first explained the code book

and showed prototypical examples from the 25% of data
initially analyzed. We then coded together 15 min (6.25%)
of the transcribed group discussion data and discussed
any disagreement. Finally, the doctoral researcher and
the principal investigator coded independently 45 min
(18.25%) of the data, obtaining a Cohen’s kappa of 0.94
for interrater reliability.

The emergent themes from the group discussion data
were used as the basis for the analysis of the participants’
interviews. More specifically, from the group discussion
themes we created a coding scheme (see Table II) that
allowed us to identify the following in the interviews:
(i) The perceived benefits and challenges of composing a
problem; and (ii) the nature of the collaboration among
participants for composing a physics problem. Once the
four interviews were coded, we met again with the
same doctoral researcher to measure interrater reliability.
Similar to what was done before, we discussed the coding
scheme, coded together one interview, and then the doctoral
researcher coded independently the remaining 3 interviews.
The Cohen’s kappa obtained was 0.93 for interrater
reliability.

IV. RESULTS

A. Physics and task related ideas for
composing a problem

In the analysis of group recordings we identified two
major categories that emerged during the activity: (a) prob-
lem definition and (b) problem-solving strategies. As
described below, the problem definition category includes
processes related to decision making and idea generation
that groups enacted in the activity. Here, we observed
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TABLE III. Categories and themes addressed by 4 participants
groups during the task of generating a physics problem for high
school students, and number of times (percentages) coded in the
aggregated data.

Categories and themes Frequency (%)

Problem definition

Audience and learning goals
Physics concepts and procedures
Problem context and wording

25 (4.2%)
209 (34.9%)
128 (21.4%)

Discussing magnitudes and units 90 (15.1%)
Problem solving strategies

Algebraic procedures 98 (16.4%)
Physics of circular motion in context 48 (8.0%)

Total 598 (100%)

questions about the audience and learning goals; the
physics concepts and procedures; the problem context
and the wording; and the magnitudes and units used.
The other category, problem-solving strategies, includes
processes related to physics and mathematics-specific
concepts and representations, and typically related to
solving well-structured problems. Within this category,
two main themes were discussed: algebraic procedures
and steps; and physics of circular motion. Table I lists,
describes, and provides examples of each of these themes.
The following subsections expand on these ideas and
illustrate them with excerpts from the data.

1. Problem definition

The first category (problem definition) refers to processes
related to making decisions and generating ideas in order to
create the physics problem. During these processes, teams
discussed and decided on issues, such as the learning goals
of the activity, the concepts and procedures, and the
contextual details of how these elements would be presented
in written form. They also decided on the necessary data to
create a well-structured problem and the appropriate ques-
tions to ask in relation to their data. In Table III, readers
might notice that groups spent most of their time addressing
themes related to problem definition, which included
approximately 75% of the message units analyzed.

It is important to note a similarity between the themes
that emerged in this category and the set of ideas instructors
frequently decide on when they create pedagogical
material. For example, the audience and learning goals,
content and processes embedded in the activity to encour-
age thinking and knowledge building, and the pieces of
information that make the task appealing (i.e., context) and
well-structured (i.e., data). In the following paragraphs we
describe the nature and details of the ideas groups decided
on to accomplish this creative task.

Audience and learning goals.—The choices that the four
groups made were shaped by the audience of the problem

(i.e., high school students). The groups discussed and
made decisions regarding the learning goals for their
problem, and expectations of what the targeted students
should learn. The learning goals of the problem consisted
of enabling secondary school students to utilize their
physics knowledge:

Participant H (G3): The idea is that they would practice
with the problem we give them.

Particularities of the audience whom the problem was
addressed to—specifically in terms of their educational
level—emerged multiple times; this information was used
to assess the conceptual difficulty of the problem, mostly in
terms of mathematics representations and concepts. For
example,

Participant D (G2): If we think about the students’ age,
they should know how to carry out such operations.

However, the groups had different focuses. In G1, this
discussion concentrated on the reasons to use circular
motion as the key concept, and the pedagogical value
not only for the targeted students but for themselves as
undergraduate students in physics. From the example
below, it is possible to perceive the intention of making
sense of the activity, its overall objective, and of the
principles of circular motion:

Participant A: What is the goal of this (activity)? Of
teaching this?

Participant B: What thing?

Participant A: All these equations and concepts.
Participant B: For us or for the students who would be
solving this?

Participant A: Well, for both.

Participant B: It is assumed that almost every movement
is circular, as it is rare to find truly straight movements.
These do not exist. You will see that this (movement) has
no angles, when in reality it does.

Participant A: It would be like explaining to them (high
school students) how these (movements) work.

The discussion about the learning goal emerged from
the task’s explicit objective, yet was not necessarily
supported by the argument made by participant B in
regards to the ever-present circular motion, in an attempt
to highlight its importance by transferring the real nature of
motion as a combination of circular displacements. The
latter argument is interesting, because participants explic-
itly tried to make sense of the content to be learned by the
targeted students, yet this idea received no follow up from
participants on G1.

In G2, participants linked the goal of the task to what
science teachers would do when facing a similar task. The
following segment shows this brief reflection, where the
group attempted to convey the appropriateness of their
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problem in coherence with the learning objectives of a
physics course:

Participant E (G2): We have to be clear with the goal,
which consists of teaching and learning kinematics of
circular motion to 12th grade students. So, it is like a
teacher getting ready to teach circular motion. That
way, each element of circular motion could be linked to
different contexts from daily life, or just to one.

This segment provided evidence that, in finding the
learning goal, participants mirrored what they thought
experts [secondary school teachers] would do in contex-
tualizing the content, and projected their own expectations
into what a physics problem should look like. Finally, in
G3, we observed a deeper reflection of the learning goal,
where a participant highlighted the importance of the real-
life context for learning:

Participant H (G3): So, if you include a difficult
exercise, but they do not know how to solve it through
equations, they might remember that they are address-
ing a problem that involves a laundry machine where
there is a circular motion and they might be able to
calculate the speed. Consequently, and lastly, they
would understand and know how to calculate angular
and tangential speed for a laundry machine, and they
would imagine the same type of motion but on different
problems.

According to this excerpt, a familiar context would
mediate the difficulty of the problem if the targeted
students were incapable of applying the required equa-
tions, as they would ultimately associate the context of the
laundry machine with circular motion. Through this link,
participants argued that learners would draw similarities
in the use of equations for the purpose of calculating
quantities across different scenarios. This, in essence,
illustrates a form of knowledge transfer, namely, the use of
information from a well-known to an unknown situation.
The explicit audience in the task was a key facilitator of
this discussion.

Physics concepts and procedures.—With their audience in
mind, teams identified, posed, and decided on the physics
concepts to use in the problem. In addition, they looked at
how these concepts aligned for the generated problem to be
well structured, as well as consistent with task require-
ments. Defining procedures was in direct connection with
the learning goal, as teams engaged in the former process to
meet the expectations previously defined. When addressing
this theme, groups attended to and emphasized different
sets of elements, such as the algebraic steps through
manipulation of equations, concepts and the combination
of quantities for an appropriate problem structure. Figure 2
shows the set of concepts used by each group on their

respective problems. For instance, G1 and G2 in Sec. |
decided to use the angular version of speed, distance,
acceleration as data to determine the magnitudes defined as
questions. In contrast, G3 and G4 in Sec. II selected the
linear version of speed, distance and acceleration as initial
conditions that would allow solvers to determine the
number of revolutions completed at the end of motion,
the final distance covered, speed, and other questions.

During the early stages of group discussion we observed
two different strategies that guided groups in defining their
problems: equation driven and concept driven. The first
approach (equation driven) was observed in groups that
primarily focused on the mathematical resources to support
their problem definition, whereas a concept-driven strategy
emphasized the conceptual dimension of the situation to
then reflect on mathematical representations. G1 mostly
utilized an equation-driven approach when defining con-
cepts and procedures. In doing this, they proposed using the
equations for “plugging and chugging” the right values in
finding the solution:

Participant D (G1): I supposed we need to include the
equations. That way we only need to replace what is
there. So the problem must be in order. First you
calculate one (value), which then allows you to find
another.

This process was guided by the (implicit) idea that a
problem is constructed in the same way that one may solve
it, which refers to following very structured set of steps.
This example illustrates the motivation to guide the process
of composing the problem by mimicking the algebraic
process needed to solve a well-structured physics problem.
Similarly, G4 engaged in such a strategy for defining
concepts and procedures, yet transitioned towards a
concept-driven description of the phenomena after estab-
lishing the situation to be used:

Participant M (G4): It will start from rest, and that way
we could calculate the movement of the barrel. So then,
we would tell them that the barrel is accelerating
constantly and that it needs a certain time in seconds
to hit the target. Because after some seconds the barrel
will be there, at its final position. That is, it will impact
the target, so then they could begin their calculations for
different things, like angle and everything.

This quote from a member of G4 shows a simple physics
analysis of the situation (i.e., a barrel is thrown to a fictional
character). Here, the participant analyzed the position and
evolution of the object in time, which enabled further
understanding of the procedures the targeted students are
expected to go through when solving the problem.

Even though deciding on concepts and procedures
utilizing a concept-driven approach is not absent from
the attention to kinematic equations for problem definition,
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the subtle difference is that the equations emerged after
deciding on the concepts. For instance:

Participant E (G2): So let’s create a situation where we
combine angular speed, acceleration and everything
else, like a situation that includes circular distance.

This approach helped the group G2 to create a problem
based on the relationship between concepts rather than on
the exclusive use of equations. In G3 for instance, partici-
pant I attempted to discard the equation-driven approach in
favor of using physical interactions (i.e., forces) to describe
the phenomena under discussion:

Participant I (G3): More than the equations, it would be
better to say that there is a force acting over there,
whereas there is another force in that other direction...
We need to be more specific. For instance, say that there
is a force acting to the inside, and another to the outside.

Even though knowledge about the use of forces goes
beyond what the targeted students should master to solve
the generated problem, thinking about a qualitative physi-
cal description helped the group to build a conceptual
framework for the problem.

Besides the different uses of equation- or concept-driven
strategy at the early stages of the discussion, all groups
moved to the selection of concepts and procedures by
combining information available through equations and
data created by them (i.e., initial conditions). Because
concepts are embedded in the kinematic equations, groups
used algebra and physics knowledge to recognize that well-
structured problems must mimic the characteristic of a
well-structured system of equations (i.e., number of
unknown variables equals the number of known pieces
of information). By mimicking this process, group partic-
ipants utilized variables observed in the equations and
made decisions regarding concepts to select as questions,
and the needed initial conditions to design a well-structured
physics problem. The following interaction from G4
illustrates this process:

Participant N: We could give them the radius for the
barrel, and we could also give them a linear speed in m/
s, so they have to obtain the angular speed.
Participant L: It would be better if we give them the
angular speed and radius, so they can calculate the
linear speed.

Participant N: Yes, that works too.

Participant L: And with the linear speed they could then
determine how much distance was covered by the barrel
since it was tossed.

This negotiation is grounded on the concepts of linear
speed v, angular speed w, and radius R, and their relation-
ship defined by v = wR. The discussion then turns into a

simple back and forth on whether to use a combination of »
and R, or rather w and R, using the missing piece of
information as a problem question.

Physics context and wording.—To compose the physics
problems, groups also made decisions regarding the con-
textual elements (i.e., place, subjects, actions etc.) and
wording (e.g., A bus is moving from A to B...) of the
problem. Groups invested considerable time in doing so
(21,4% of the coded data in Table III), which is not surprising
taking into account that the activity required them to select a
daily situation where circular motion could be easily
observed. In general, groups experienced conflict to find
the right contextual elements to use because they wanted to
engage their audiences. G1 wanted to present a novel situation
to the students, so although they started their discussion
by only focusing on objects with wheels, they quickly pushed
the conversation towards situations without wheels:

Participant D (Gl): Is there one without wheels?
I cannot think of anything.

On the other hand, G4 wanted to create something fun
for the students to be motivated with:

Participant L (G4): Let us do something cool, like a
wooden spinning top.

Other participants suggested ideas like a fisherman
moving his fishing rod and describing a circular motion,
or an ant walking on the inner wall of a bottle. What is
important to note is that originality was controlled by their
level of confidence in transferring their physics knowledge
into such situations, which pushed them to use not only
familiar situations, but also situations where they can easily
identify, interpret and apply the concept of circular motion.
For instance,

Participant D (GI): We do not need to complicate
ourselves with that.

As seeing in Fig. 2, G1 selected the wheels of a car
moving and covering the distance between two locations;
G2 decided on the use of a person trapped in a spinning
barrel; G3 decided on the motion of a bicycle; and G4
utilized references from a problem created by their instruc-
tor to design a situation where a fictional character tosses a
barrel.

The wording of the problems illustrated the use of
technical language, and became an opportunity for partic-
ipants to challenge their own conceptual understandings. A
simple example emerged from G1. When deciding on the
right wording for the problem:

Participant A (G1): If I want to say that the car wants to
move from A to B, is this 'displacement’?
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“Displacement” is defined as a vector, so to use it
properly the group needed to incorporate a specific direc-
tion in the wording of the problem. We found no evidence
in the group discussion data of this revision, but their final
product (i.e., the problem the group created) was worded
using scalars rather than vectors: “a car wants to move”
(see Fig. 2).

Another example of discussing an appropriately scien-
tific wording of the generated problem was observed in G4,
when participants negotiated the conditions under which
the fictional character (Donkey Kong) would make the
barrels move:

Participant L: For this, he (Donkey Kong) tosses the
barrel from rest?

Participant M: You cannot toss a barrel from rest. It
releases the barrel then. He let the barrel go.
Participant L: Ah, okay.

Participant M: Or better, he tosses it with an initial
speed, is that okay?

This segment shows the participants’ understanding of
motion in connection with an appropriate choice of
language that conveys the idea that releasing and tossing
the barrel implies different physical conditions. Here, a
body that begins its motion from rest must be released
to accelerate due to the presence of an external force
(e.g., gravity), and will therefore gain speed. Differently,
tossing implies an interaction (i.e., force) that boosts the
kinetic energy and therefore increases the speed to the
object in motion.

Discussing magnitudes and units.—Groups engaged in
discussions and decision making regarding numerical
values and the measurement units of the physics concepts
needed to be introduced in the problems’ description (e.g.,
10 km/h, 20 s, 2.5 km). Deciding on the numbers and
respective units became important because it provided a
sense of “reality” to the physical phenomena under design,
and therefore imposed requirements over the appropriate-
ness of the data (e.g., initial conditions). The validity of the
selected numerical values was tested through the calcu-
lation of the questions’ response. For instance, G2 dis-
cussed the appropriateness of a high angular acceleration
for the barrel that yielded to 1400 rpm (revolutions per
minute), an unrealistic magnitude that forced them to
reduce it. Similarly, in G1, we observed the following
interaction when deciding on the acceleration of a car:

Participant A: What do we say the acceleration is?
Participant D: 20.

Participant A: 20 what?

Participant D: Meters by square second.

Participant A: Is that too much?

Participant D: I know it is a lot. Do you want the car to
get to its destination fast or slow?

Participant A: I want it to get there at a normal
speed.

This dialogue reflects the intention of using numerical
values that resemble real life situations. Later on in this
process, the same group tested the problem with an accel-
eration of 10 m/s?, and got a final speed of 200 m/s, which
is clearly an unrealistic result for a common car moving
within city limits.

Brief portions on this topic included data transformation
in an effort to add complexity to the problem. Even though
the final problem (Fig. 2) shows evidence of this process,
the transcripts do not provide much evidence on how these
decisions were made. The little evidence shown in the
transcripts illustrates the decision of using diameter over
radius as a way to add complexity to the problem:

Participant D (G3): Use the diameter so they believe
that this is the radius and get all confused.

Or the use of km instead of m, thus including a data
transformation that solvers need to address:

Participant A (G1): Do we include the transformation
from kilometers to meters?
Participant D (Gl1): No, that is not our responsibility.

So far we discussed the findings related to the problem
definition category. These included questions about the
audience and learning goals; the physics concepts and
procedures; the problem context and the wording; and the
magnitudes and units used. In the next section, we develop
the other important category that emerged from the data,
the problem-solving strategies. In this other category, we
found processes related to physics and mathematics-
specific concepts and representations, and typically related
to solving well-structured problems. Within this category,
two main themes were discussed: algebraic procedures and
steps; and physics of circular motion.

2. Problem-solving strategies

The following set of themes emerged from participants
engaging in processes often associated with solving well-
structured physics problems, where participants were likely
to utilize physics concepts and their mathematical repre-
sentations, while engaging in physics descriptions linked
with the context of the activity. The literature on both
novice and expert physics problem solvers suggests that
novices tend to utilize algebra-based strategies (e.g., plug-
and-chug) rather than qualitative descriptions, a strategy
associated with expertise [23,24].

Algebraic procedures.—This process relates to the alge-
braic steps that the group engaged in to obtain the numerical
values needed to test the appropriateness of their problems.
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Here, we found that they used their mathematical knowledge
as a strategy to determine the correct physics quantity:

Participant A (G1): Here we will use a proportionality
rule. If one revolution is 2x, then x revolutions will be...

And/or asked for help on how to proceed in order to get
the right value:

Participant F (G2): How do we transform this to
radians? Does someone know how to do it?

To contextualize the use of algebra in this context, it is
important to remember that kinematics problems rely on
three fundamental physical quantities: position [F(7)],
velocity [#(7)], and acceleration [@(7)], all functions of
time ¢. Even though these concepts are defined as vectors,
in this context participants utilized them to determine scalar
quantities, or the magnitudes of the vectors at any given
time. In circular motion, these concepts are written in an
angular form: angular position [6(¢)], angular speed [w(7)],
and angular acceleration [a(7)]. The link between these
linear and angular magnitudes comes from s = R (i.e.,
arc), v = wR, and a = aR. Consequently, in order to test
the appropriateness of their problems, participants manip-
ulated some or all of the latter mathematical relations. For
instance, participants in G4 had the following argument to
determine the angular distance covered by the barrel:

Participant L (G4): And how would I get the angle?
Participant M: With the (angular) acceleration that is
obtained from the equation. With the angular speed.
Because you have the angular speed at 3 s, which is 10,
so 10z is equal to (angular) acceleration plus the initial
angular speed. So then you freed it and get the (angular)
acceleration.

Here, participant M suggested the use of angular speed
[w(#)] at time 3 s, to determine the value of angular
acceleration by isolating this from the equation, because
all other elements were given. Then, although not explicitly
mentioned, the argument oriented the use of the numerical
value of angular acceleration into the equation for angular
position, to determine 6 at 3 s. Once again, this was
possible because all of the other elements of the equation
were defined.

Another interesting example was observed in G1, as they
used the equations 7(t) = 7, + ot + (1/2)ar* and ¥(¢) =
Uy + dr to determine the time that it would take the car to
reach its destination. The following interaction depicts the
set of algebraic steps suggested by one participant to
achieve this goal:

Participant A (G1): So we have that the initial position
is zero, and the initial speed is zero. And we have that (in
the equation), only the acceleration times squared time
will remain.

Participant B (G1): And then?

Participant A: That will give you 10 m/s? (magnitude of
the acceleration) multiplied by the squared time, and
with that you can get the time. So, it will be the square
root of something, and then we will use only the positive
square root.

This interaction shows a description about how to
manipulate the terms in the equation 7(t) = 7y + Vot +
(1/2)dr* to determine the time, provided that all the other
terms are known (final distance was given in the heading of
the problem and was equal to 2 km, Fig. 2). Because this
algebraic procedure might have been perceived as a rather
individual exercise, it is not surprising that the audio only
captured brief descriptions of this strategy implemented to
find numerical values, and the request for help on how to
calculate them.

Physics of circular motion in context.—Under this strategy,
groups addressed qualitative physics descriptions of the
context under consideration for the problems they were
designing. This process enabled access to participants’
conceptualization of the physics phenomena and the ways
in which they would explain such situations in physical
terms. The sample size of examples that illustrates this
process is rather small and does not provide evidence of
how students explain most of the concepts. Consequently,
the observed frequency of this theme (see Table III) might
reflect the disparity between algebraic-versus-qualitative
strategies shown by participants. Moreover, qualitative
descriptions emerged from the data when participants tried
to make sense of the situations and physical objects
considered for the problem.

Participants attempted to explain revolutions, tangential
velocity, and inertia. The latter was introduced to explain
what would happen if someone were to fall from a fast-
spinning carousel. For instance, the concept of a revolution
was conceptualized through the perimeter of a wheel in a
simple description that does not reflect a deep under-
standing of a physics concept associated with motion:

Participant A (G1): Suppose that first there is a point
that moves along the perimeter until here. That will be
one revolution.

A more interesting example was provided by G2 in an
attempt to understand the relationship between angular and
linear speed in the context of a wheel moving. First, angular
speed is defined as the change of angular position per unit
of time (i.e., w = Af/At), a magnitude difficult to con-
ceptualize because it does not include distance units, such
as meters or kilometers. Secondly, an object spinning
will measure the same angular speed at any distance from
the center of rotation (i.e., radius) at a particular time.
However, the linear or tangential speed will increase
according to the distance from the center of rotation as
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shown by the equation (v = wR). The discussion then
unfolded as follows:

Participant E: If this is supposed to be in the same
wheel, then why? If you advance five meters, you will
complete the same number of revolutions.

Participant G: Yes, you are right. So, how many...
Participant F: The angular speed will change at differ-
ent points of the wheel.

Here we see that participant F poses a misconception
regarding the nature of angular speed, because this quantity
remains constant regardless of the distance from the center
of the rotating object. Consistent with the definition of
angular speed, the comment made by participant E would
have made more sense if instead of using 5 m as the distance
covered, he would have used angular measurements to
highlight the distinction between angular and linear speed.

In a last example, we observe a qualitative description
from G3 when participants discussed the relationship
between force and acceleration in circular motion:

FParticipant I: There is also velocity, this velocity that
goes to the middle. This is the one that enables... This
was related to forces if I remember. The topic of the two
forces pointing out to one side. Now I remember,
centripetal and centrifugal force. Centrifugal force
was like...

Participant H: It is the one that points inside.
Participant I: No.

Participant J: Centripetal force points to the inside.
Participant I: Okay, centripetal force points to the inside.
But centrifugal points to the outside. And those two forces
would make that...There were like equals and...
Participant H: Both forces allow the circular motion.
Participant I: But this centrifugal force was something
like hypothetical, or something that was not real...

This interaction shows that participants made an effort to
understand the physical interactions that enable circular
motion. Their ideas about centripetal force are correct: it is
an interaction (force) directed to the center of the circum-
ference described by the body in motion, and responsible
for such motion. However, centrifugal force, as corrected
by participant I at the end of the interaction, is not a force
but rather the effect of inertia, defined as resistance to
change the state of motion, and often referred to as a
“fictitious force.” Finally, this interaction provides some
insights on participants’ understanding, but again falls short
to give substantial evidence to assess whether participants
were actually understanding the underlying physics of
circular motion beyond the use of equations.

As developed in the present subsection, the majority of
the group discussions revolved around the problem defi-
nition and problem-solving strategies. However, the groups
invested their efforts differently in every stage of the task.

In the next subsection we present and compare the
frequency of coded themes among groups to show what
processes demanded more or less group negotiation.

B. Group comparison

To illustrate how groups combine their efforts for
composing a physics problem, Fig. 3 depicts the percentage
of coded themes by group. The black dotted line represents
the average frequency.

A simple scanning of Fig. 3 shows that problem
definition processes demanded higher investment than
problem-solving strategies across all four groups. Within
the first category (problem definition), groups displayed
similar engagement when discussing the learning goals.
Further, most of the ideas coded were related to physics
concepts and procedures. Here, both G1 and G2 invested
about the same percentage deciding on the physics (approx-
imately 35.5%), whereas G4 invested 10% more on this
process (45.7%). Further, deciding on the context of the
problem is one of the categories where we can observe most
disparity across groups, with G3 and G4 (Sec. II) engaging
in this process consistently more than G1 and G2 (Sec. I).
For magnitudes and units, G2 and G3 were the ones that
spent close to 20% of their group processes to discuss and
agree on these topics.

The algebraic procedures show diverse engagement,
with only G1 scoring above average. When it comes to
qualitative descriptions of the physics in context, all
four groups show a similar trend for algebraic procedures,
with the exception of G2, a team that only engaged in
this process 2.1% of their coded data. Finally, we must be
cautious when interpreting this evidence because
students may have engaged in these processes silently.
Consequently, it might be possible that students in G1
verbalized their mathematical procedures at a higher rate
compared to the rest of the sample.

C. Benefits, challenges, and collaboration

While the previous section addressed research question 1
related to the physics and ideas that groups focused on
when solving the task, this last subsection provides
evidence regarding research questions 2 and 3:

RQ2: What are the perceived benefits and challenges of

composing a physics problem for high school students?

RQ3: How do participant groups collaborate when

composing a physics problem for high school students?

We begin by showing evidence associated with the
benefits and challenges of composing physics problems,
and then we move to the ways in which the participant
groups collaborated and interacted during this activity. In
each of these subsections we identify attributes and
strategies for solving traditional well-structured physics
problems and the real-world problem. Here, we first
describe problem features and challenges by making a
parallel between these two types of learning activities.
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Second, we address the ways in which students interact
with others (i.e., collaboration strategies) when facing well-
structured problems and real-world problems. Finally,
through this description we refer to questions from the
semistructured interview protocol available in the
Supplemental Material [61], and the follow-up questions
that came up during the interviews.

1. Benefits and challenges of composing
a physics problem

Through participants’ interviews we found unique sets of
attributes, challenges, and strategies associated with either
traditional well-structured problems and real-world prob-
lems. Consistent with the documented limitations of these
problems for conceptual development, when we asked
participants about engaging in qualitative analysis of
physics principles (Interviewer: “When solving well-struc-
tured problems, do you take the time to reflect on the
underlying physics?”), they claimed that they discarded
such conceptual considerations because the goal was to find
the appropriate solution. For instance,

Participant B (G1): When I solve it do not reflect on it.
Similarly,

Participant G (G2): Generally and above all we need
the formulas to find the value that they are asking for,
Jfor example velocity.

~

Problem Solving Strategies

Percentage of coded themes by group. Dotted line represents the average percentage across the four groups.

Although these answers can indicate that participants
frequently engage in novice problem-solving strategies,
one participant acknowledged the value of well-structured
problems as a way of knowing the physics concepts related
to the problem:

Participant B (G1): The well-structured problem allows
you to know the concepts.

Conversely, when it comes to composing a physics
problem (Question 5, interview protocol), participants
suggested that the most challenging elements of this activity
were associated with imagination and making appropriate
decisions for the problem. For Participant B (G1) their lack
of familiarity with processes related to idea-generation and
decision-making made it difficult to move forward:

Participant B (G1): It is harder because we are not used
to creating our own problems.

Participant J (G3) compared this with the characteristics
of well-structured problems and declared

Participant J (G3): Obviously it is more difficult
(composing a problem) because we have to take in
consideration many things that are present in well-
structured problems.

Among these missing elements, participants pointed out
their struggles towards finding real-life magnitudes and
units to compose realistic scenarios for their problems.
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Moreover, participants recognized that the latter chal-
lenges afforded them learning opportunities (Question 6,
interview protocol). For participant G (G2), having an
appropriate understanding of the physics concepts and
principles facilitated decision-making over magnitudes
and units:

Participant G (G2): They ask you to make a realistic
problem, so you have to think about that, and your
results must be things that exist. You are not going to
define an airplane moving at 5 m/s. So it forces you to
understand the content better.

Similarly, the same participant highlighted the impor-
tance of understanding the content to find the appropriate
complexity for the problem:

Participant G: When you do not know the content well
one has the tendency to provide more information than
necessary, because you do not know whether you would
get to the expected result. So you add more information
to the problem, and with this extra information the
problem gets undesirably easier.

Accordingly, the amount of information provided in the
problem must align with its complexity, thus reflecting on
how well participants understood physics concepts and its
relations to compose a problem.

Furthermore, when the interviewer asked participants
whether they reflected on the underlying physics for
composing a problem, the open-ended nature of the task
was perceived as an opportunity to reflect on physics content
by contextualizing their ideas into real-life scenarios. When
composing a physics activity, participants considered the
underlying concepts differently. For instance,

Participant B (G1): Composing a problem motivated me
think not on an ideal concept, but a real one. So I think
of friction that a given character must experience with
the wind.

Participant G (G2) underscored the importance of under-
standing how physics concepts work in context:

Participant G (G2): Because circular motion works like
this, and you see it on a wheel because the wheel is
spinning, and also see that the tangential motion is
related to the spinning of the wheel while moving on the
ground.

In a similar fashion, Participant L (G4) suggested that
composing a physics problem makes you perceive daily life
activities through physics knowledge:

Participant L: The other day they taught us relative
motion, and I was on the bus and began thinking
about it.”

Finally, Participant J (G3) went beyond the boundaries
of the physics classroom and found similarities between
composing a problem for physics and engaging on an
engineering project:

Participant J (G3): We had to design a vehicle and I had
never seen mechanics. I studied a little in school, but a
different thing is to transfer it into real life instead of
doing it on a piece of paper. It is very different and
obviously one gains more by doing it in real life.

Then, the participant acknowledged the value of solving
a real-world problem, because it positions her closer to
what she would end up doing in a few years as an engineer.
Accordingly, and similar to participant B, both recognized
the value of getting used to actively making decisions based
on their knowledge, as it was considered a key ability in the
face of real-world problems.

2. Collaboration strategies when
composing a physics problem

Participants engaged in different collaboration strategies
depending on the nature of the activity. A general con-
sensus was found across interviewees that when groups
faced well-structured physics problems they embraced
individualistic problem solving and interacted with each
other to overcome emerging difficulties and/or compare
their results. For instance, as a response to the group
processes solving well-structured problems (Question 8,
interview protocol), Participant J (G3) claimed

Participant J (G3): We first read all the problems, and
then we identify the data available. If there are three
questions, we divide the questions. Then we begin on our
own, and then we obviously ask about what can I do with
this?

Consequently, for participant J (G3) within group
interactions takes place at the beginning and/or end of
the problem-solving process, where the group requests
factual information (e.g., “What formula did you use?”).
Furthermore, participants recognized that if their group
knowledge and skills were not enough, they resorted to
seeking out information to other groups, a form of
collaboration that was possible because the classroom
was working on the same problems. Pursuing factual
information for solving a well-structured physics problems
was, presumably, what drove social interactions within and
between groups, as it seemed that the main goal was to find
the right answer:

Participant B (G1): When I search for information I do
not pay attention to the why, but rather on the result and
finish the exercise.

In response to collaboration when composing a physics
problem (Question 8, interview protocol), participants
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claimed that their ideas came up after brainstorming and
collective decision making. Participant B (G1) described
this cooperation as:

Participant B (G1): We were talking and sharing ideas
and suddenly we had it (a good idea), and we began to
identify what we needed to make it attractive for the kids
(high school students).

From the complexity of the assignment participants
recognized the importance of working with each other
rather than individually. The same participant B (Gl)
stressed out the importance of collaboration in this scenario:

Participant B (G1): We all have to pay attention or we
may miss something.

Similarly, and contrasting with solving a well-structured
problem:

Participant J (G3): We read the problem and said that
we need to work on this together, so we began to discuss
ideas.

These testimonies suggest that composing a physics
problem demands higher levels of positive interdepend-
ence, a necessary condition for cooperative work.

Moreover, reaching out to other groups for information
was the only evidence between sections that could be
attributed to the different strategies in which instructors
guided the problem-solving session. As a reminder, the
instructor in Sec. I (Gl and G2) motivated social inter-
actions by guiding participants to seek out information
from their peers, and the instructor from Sec. II (G3 and
G4) provided direct information to participants’ inquiries. It
seems that group interactions were a consequence of a
particular instructional strategy, as groups from Sec. I
sought out information from other groups, while groups
3 and 4 did not. In G1, participant B mentioned that they
reached out to other groups to get “an alternative point of
view,” while participant G (G2) mentioned having “heard a
good idea outside their group.” Conversely, for participants
J (G3) seeking out information to other groups was not
necessary, because

Participant J (G3): Each group would do the things that
they liked, and it is quite subjective.

Similarly, participant K (G4) suggested

Participant K (G4): Because all problems are different,
1 do not need to compare the answer with other groups,
as these could be completely different.

Further explanations on whether students took advantage
of information from other groups or not are presented later
in the discussion section.

Finally, interesting evidence emerged on the nature of the
information that participants sought to compose the physics
problem (Question 9, interview protocol). If students
tended to pursue factual information to solve a well-
structured problem, then a creative activity would motivate
them to ask procedural questions to understand how to
apply the physics concepts into the problem. This shift was
identified in the data. For instance,

Participant B (G1): I try to be more thorough with my
questions. For example, how did you do this? And why
did you do it? I ask them everything.

This evidence is coherent with the demands that com-
posing physics problems impose; this task directs students
to address the conceptual dimension of the content and
ultimately shapes the types questions and interactions that
participants engage in.

V. DISCUSSION

Frequently composing physics problems is a respon-
sibility taken up by physics educators rather than under-
graduate students. However, in this study we explored the
learning advantages and challenges of incorporating this
activity in an undergraduate curriculum. The complexity of
composing a physics problem requires making choices
over multiple related dimensions, depending on the nature
of the problem at hand [12,40]. From the analysis of
groups’ recordings we found that participants’ discussions
revolved around problem definition and problem-solving
strategies. In the former category, we identified the follow-
ing themes: 1. audience and learning goals; 2. physics
concepts and procedures; 3. problem context and wording;
4. magnitudes and units, and in the second category,
problem-solving strategies, involved 1. algebraic proce-
dures; and 2. physics of circular motion. According to
Fortus [12], open-ended physics problems require making
choices about two different but related issues, such as
physics variables and principles, and the magnitudes of
these variables. The first set of assumptions are accessible
to both novices and experts, mainly because both levels of
expertise have been exposed to physics concepts and
principles to some extent. This exposure in turn grants
them the mastery to decide on the set of concepts to
manipulate and how to do it. However, assumptions
regarding the numerical magnitudes of the variables used
in the problem has been found to be harder for novices
(e.g., undergraduate students) compared to expert problem
solvers (e.g., graduate students) [12], presumably a con-
sequence of their lack of familiarity in manipulating
information in such form. The analysis of group discus-
sions and interviews supports this claim, as participants
struggled to identify numerical values that would mimic
real life situations in their composed problems.
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In relation to the difficulties experienced by novices and
experts when addressing physics concepts and procedures
and magnitudes and units, we argue that choices about the
problem context and wording are more familiar to both
novices and experts. Here, both novices and experts are
likely to have experience reading different types of well-
structured physics problems, with various contextual
details and wording. Therefore, participants may be more
trained in using that knowledge as a resource to make their
own choices. In contrast, and even though all participants
might have been exposed to learning activities of a diverse
nature, discussing and making decisions about the audience
and learning goals may constitute a more challenging
endeavor, as it entails knowledge of the targeted students
which would ultimately mediate the problem’s difficulty.
From this analysis, we found that the activity of composing
problems can add two alternative types of assumptions with
arguably different levels of complexity for both experi-
enced and nonexperienced solvers: problem context and
wording; and audience and learning goals. We deem this as
relevant for students to develop familiarity with cognitively
demanding processes of knowledge transfer and decision
making [29].

We know from a writing studies perspective that genres
constitute responses to previous genres [65]; consequently,
student writing is generally a response to a prompt—an
instructor’s genre. The findings in this study underscore the
role that the prompt has in guiding students’ thinking and
decision-making processes. As a WTL task, the prompt
provided the participants with a clearly articulated rhetori-
cal context, mainly by making explicit the audience of the
problem, the genre, the purpose and the role of the writers
[66]. The data show that this information offered a road
map for the participants to create the problem and to discuss
choices. In all cases, the participants relied on the infor-
mation about the audience (high school students) to select
concepts, to establish the degree of complexity of those
concepts, and to select rhetorical and other devices that
would engage the audience. In a study of 2101 writing
assignments across the curriculum in 100 U.S. higher
education institutions, Melzer [66] found that 64% of
writing assignments did not clearly state an audience,
and that in most cases the audience was the teacher in
the role of an examiner. The absence of an audience,
according to the author, limits the pedagogical possibilities
of an activity. Our study extends Melzer’s finding about the
role of the audience in undergraduate assignments, and
provides evidence of the specific disciplinary choices
and discussions that are introduced into an activity when
the students know whom they should address with their
writing.

Other characteristics of this WTL task that were central
to scaffold our participants’ composing processes were the
explicit reference to the genre (physics problem) and the
role as writers (university community members). In both

the group recordings and interviews, participants referred
to different characteristics of expected genre to make
particular choices. It was mainly in the interviews where
we could identify how our participants’ past experiences
with the genre physics problem informed their decisions.
Additionally, the task positioned the participants in a more
expert role, one that demanded them to negotiate and make
decisions. This fostered discussions about the choices,
frequently supported by explanations and reasons of the
disciplinary logic behind their thoughts. For example, the
participants enacted a concept-driven approach to decide
what relevant physics information to include in their
learning activities, a process that physics instructors fre-
quently engage in. Lastly, the specific content of the
discussions indicate that the activity promoted agency,
because through the decision-making process participants
displayed control over the meanings that they wanted to
convey [67], as well as metacognition, since participants
had to articulate the reasons behind their choices [68].
Overall, the rhetorical challenges of this WTL task and its
collaborative component guided participants into perform-
ing disciplinary thinking and reasoning, experiences that
can potentially lead to more sophisticated understandings
about the subject matter [19].

In addition, results show that composing physics prob-
lems encouraged participants to engage in both quantitative
(algebraic procedures) and qualitative (physics of circular
motion) strategies for solving their problems. It is important
to point out that the frequency of coding and group
comparison indicated different investment on both of these
problem-solving strategies. Participants’ discussions were
mostly about algebraic procedures rather than qualitative
descriptions. Yet, as seen from the analysis, this qualitative
description favored learning opportunities through peer
regulation. For instance, evidence shows how participants
addressed and discussed the nature of circular motion by
centripetal and centrifugal forces, but tackled the miscon-
ception of the latter as a real interaction, a common
conceptual challenge in circular motion [45,47].

The PER literature has recognized the challenges of
finding a balance between both problem-solving strategies
for encouraging physics expertise [2,69]. Composing
problems might guide students in the right direction, but
further analysis and experimentation are required. For
instance, it could be useful to think about using character-
istics from isomorphic sets of physics problems [22,23] in
order to encourage participants to compose pairs of
quantitative and conceptual problems. Here, generating
both quantitative and qualitative physics problems that deal
with the same content may increase the reflection of
physics related ideas beyond the sole utilization of math-
ematical representations.

The ways in which participant groups collaborate for
solving well-structured and real-world problems is relevant
in order to understand the social processes that govern each
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of these activities. Participants’ interviews suggest that
when solving well-structured physics problems, students
first enacted individual work, as every group member
attempted to solve the problem. Further interactions within
the group might occur to overcome difficulties and/or test
results. It is already known that when solving well-
structured problems, or disjunctive tasks [70], students
do not engage in group-level processes [5]. In addition,
this collaborative strategy is enacted to pursue factual and
simple information related to the problem’s solution, thus
mirroring problem-solving strategies often engaged by
novices [22,23]. Differently, and even though we did not
look for team-related processes throughout the data,
participants’ interviews pointed towards collective deci-
sion making when composing the physics problem,
as well as the underlying reasons for using a given
concept and procedure. The nature of such a collective
process is evidence of the additive nature of the task [7]
and its required positive interdependence [5] that moti-
vates the understanding of the procedures and knowledge
used by others, a strategy that resembles expertlike
behavior [20,21].

The nature of the group interactions when composing a
problem might be shaped by the type of instructional
guidance as well as behavioral expectations. The interviews
suggested that interactions among groups tended to occur
in the context of well-structured problems, and for similar
purposes than the interactions within groups (i.e., to over-
come difficulties and/or test results). This might have been
due to the task shared goal across the course. Yet,
interactions occurred differently when composing physics
problems: participants from Sec. I mentioned the strategy
of reaching out for information to other groups, while
participants from Sec. II claimed the lack of a common goal
between groups as the reason why they did not follow such
a route. The contrasting strategies between sections might
be attributed to the different scaffolding provided by the
instructors. The instructor in Sec. I guided participants to
seek out information from other classroom participants
during the problem-solving session, whereas the instructor
in Sec. II provided direct responses to participants’ ques-
tions. More research is needed on this topic to expand this
idea. There is still a great gap in the knowledge of the
implications and benefits for student groups when compos-
ing physics problems and other real-world activities.
Further PER research could explore, for instance, whether
instructional strategies influence how students collaborate
for creative tasks, or whether the group configuration in
terms of gender, achievement and other attributes contrib-
utes to their performance. Both suggestions could poten-
tially provide guidelines for implementing collaborative
activities. This research avenue is timely with the current
demands of the XXI century skills of creativity and
collaboration [39,71], a great motivation for educators
and scholars to engage in pedagogical innovations.

VI. CONCLUSIONS

Lately, the PER community has provided different
types of evidence to show the pedagogical benefits of
incorporating real-world problems in the physics class-
room. The current study built on this approach and
extended what was already known about the subject by
exploring the process of solving real-world problems
from the students’ perspective and incorporating a
WTL approach.

The findings from this study not only point to the
advantages of incorporating real-world problems in the
physics curriculum, but also to the role that well-defined
writing tasks play in scaffolding the process (i.e., those
that incorporate explicit goals, audiences, steps, and
expectations). When our participants were presented
with the task of writing a physics problem for a specific
audience and context, they had to make choices
over concepts, degree of complexity, and goals. The
audience and the context were central to scaffold
the students’ thought processes, since the majority of
the choices made by students were discussed in these
terms. More importantly, the additive nature of compos-
ing problems motivates the access to alternative ideas
through deeper questioning, among which we observed
processes typically engaged in solving traditional
physics problems.

Collaboration allowed students to negotiate, address
and make decisions regarding a multiplicity of choices,
and it fostered the process of idea generation. This form of
student collaboration contrasts with the simple ways in
which participants described interactions for solving well-
structured physics problems, as they claimed to seek
factual information rather than more complex insights.
Interestingly, instructors could foster collaboration
beyond what one would typically observe in the form
of within-group collaboration, and particularly for learn-
ing tasks with outcomes expected to be different across
groups. This implies that instructors have alternatives to
frame and model the type of interactions desired for the
class. Whether it is by fostering within-group interactions
or across group collaboration, it should respond to
academic and disciplinary expectations made explicit
through instruction.

This study has pedagogical implications as well.
When incorporating writing activities in the physics cur-
riculum, the activity must make the genre explicit, establish
a concrete audience and context, as well as its goals and
expectations. Preferably, the task should enable students
to connect their personal experiences with the disciplinary
knowledge. Educators and researchers could draw on
the analyzed categories and themes to assess and/or
investigate students’ work on similar activities. Such
guidelines could also be helpful if made explicit to students,
and could be used by them to regulate their performance
and interactions.
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