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Restructuring physics labs to cultivate sense of student agency
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Instructional physics labs offer students unique opportunities to develop an understanding of
experimentation. By transforming labs to be more open ended and experimentation focused, instructors
can better support student agency and choice. In this study, we examine students’ overall sense of and
perceptions about agency in two experimentation-focused labs: one course primarily taken by physics
majors and another course primarily taken by engineering majors. We compare the sense of and perceptions
about agency between the different courses and between men and women in each course. Between the start
and the end of the semester, we found a positive shift in students’ sense of agency in the lab activities in
both courses, with no difference between men’s and women’s shifts. Additionally, we found empirical
evidence that the majority of the students preferred the final, most open-ended Project lab. Our qualitative
analysis revealed that most of the students perceived the opportunities for agency positively, citing
“freedom” as their reason for preferring the Project lab. Both women and men in the course for engineering
majors showed similar patterns. Fewer women in the physics majors course, however, chose the final
project lab as their favorite and less often attributed their preference to freedom. We discuss possible
interpretations of these results and implications for instruction.
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I. INTRODUCTION

In physics education, instructional laboratory classes
(labs) offer valuable opportunities for engaging students in
experimental physics. In labs, students can experience
authentic science practice, such as gaining a more profound
understanding of experimental methods and acquiring an
ability to critically argue from evidence. However, many
physics lab courses do not provide opportunities for such
science practices because they are highly structured,
procedural, and content reinforcing [1]. Engaging in
scientific experimentation involves making many indepen-
dent and substantial decisions, such as generating models,
proposing testable hypotheses, designing experiments,
interpreting experimental results, and maintaining
skepticism throughout [2]. To make such decisions, stu-
dents should be able to enact their agency: the capacity to
guide one’s actions towards achieving a goal [3,4].

The purpose of this study is to investigate students’ sense
and perceptions of agency in an experimentation-focused
lab. In particular, we sought to answer the following

“zykalender @fas.harvard.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

2469-9896/21/17(2)/020128(13)

020128-1

research questions: (RQ1) To what degree do students
recognize their agency in labs? (RQ2) What opinions do
students form about more open-ended labs that intend to
support student agency? (RQ3) How do these recognitions
and opinions differ between different student groups (i.e.,
men or women and physics or engineering majors)?

II. BACKGROUND

A. What does it mean to be “agentic”?

Given the extensive discussion of agency in education
research, we first articulate several forms of student
“agency” that will be relevant for our study. Our agency
framework draws from Bandura’s work on social cognitive
theory, where agency is described as the “individuals’
capacity to exercise control... [and] to intentionally make
things happen by one’s action” [[5], p. 2]. Bandura
explains what it means to be agentic by contrasting agents
to computers. Computers function as “input-output” sys-
tems and perform many cognitive operations to solve
problems, yet they lack consciousness and the ability to
make independent choices. In other words, computers can
be considered more like “actors” performing the given tasks
by following a script. On the other side of this spectrum, an
autonomous entity can make choices without any con-
straints. An agent sits between these two extremes making
independent decisions within constraints [6].

Published by the American Physical Society
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In conducting an experiment, physicists, as agents, face
constraints in their projects. They need to consider limi-
tations of their experiment, including but not limited to,
generalizability of their results, risk mitigation, and budget
allowance. Within these limits, however, they can make
many independent choices and deliberate decisions when
directing and carrying out their investigation. As high-
lighted in Bandura’s discussion of agency, enacting agency
requires “purposive accessing and deliberative processing
of information for selecting, constructing, regulating, and
evaluating courses of action” [5] (p. 3). Based on Bandura’s
characterization of agency, we can conceptualize agency in
physics labs such that students acting with agency may
investigate their own research inquiries, make deliberate
choices in their experimental designs, or choose appropri-
ate analysis methods and tools.

Agency is also used in other frameworks in science
education [7-10]. For instance, critical science agency uses
agency through a sociocultural lens and aims to understand
the way students gain science literacy, develop character-
istics of a critical thinker, and become more socially just
individuals within the domains of science [11], math [12],
engineering [13], and physics [14]. From this point of view,
students would particularly value opportunities for agency
that are relevant to the real world. The amount of open
endedness in a lab, therefore, may not be perceived as
supporting students’ agency if not tied to real-world issues.

In summary, agency in this work relates to the degree of
decision making by the agent given external constraints
(that is, available choice and freedom or control to make
choices) and the purposiveness of that decision making
(such as to make positive change in the real world).

B. How does agency relate to lab instruction?

Traditionally, physics labs have been taught with little
student choice in experiments [15]. Many of the exper-
imental tasks in traditional labs are introduced to students
as a to-do list (like chores) and students are supposed to
complete the given activities in the worksheet with little
room to independently direct their experiments [16]. As
traditional labs mainly focus on teaching students how to
use equipment and take measurements to verify well-
known physics theories, students miss a major opportunity
to experience the nonlinear and complex nature of doing
science.

The American Association of Physics Teachers’ rec-
ommendations for the goals of instructional labs supports
moving away from traditional teaching methods in favor
of supporting more student agency [2]. Labs that support
student agency better involve students in their learning
processes so they can construct new knowledge through
observation and self-reflection [17] and can better reflect
an authentic research experience [18,19]. When given
choice during lab instruction, students are more engaged
[20] and develop confidence [21], ownership [22,23],

more expertlike perceptions of experimentation [24,25],
and increased engagement in expertlike experimentation
behaviors [6,25].

Despite the many benefits of more open-ended lab
formats for students’ outcomes, there can be some chal-
lenges creating student buy-in when implementing more
open-ended instruction. For example, students’ experiences
in high school science courses vary widely [26]. Some
students will have experienced traditionally taught physics
labs in high school [27] while others may have never taken
a physics lab course in their pre-college education (though
others still may have experienced very innovative, open-
ended labs). Many first-year students might be unaccus-
tomed to or unfamiliar with an open-ended lab format and
therefore may develop a resistance to this sudden shift. For
instance, students worry about other student-centered
learning methods because of a “fear of being in control”
or because “more effort and thinking is required” [28].
Students may also feel less comfortable with the lack of
structure and guidance [29] and prefer more authoritative
instruction [30], despite learning more [31].

To accomplish a successful course implementation,
instructors need to address these concerns as early as
possible in the semester. Setting clear objectives for
students, explaining the big picture learning goals, and
giving explicit reasoning for the instructional format can be
valuable for student buy-in [32]. Additionally, instructional
models such as the cognitive apprenticeship model recom-
mend beginning a course with higher levels of instructor
guidance and support and slowly fading the support over
time as students develop expertise. Additional support early
on can alleviate some of the student worries about low
instructor support. Furthermore, careful, deliberate, and
timely feedback can support students in evaluating their
own learning and reflecting critically on their experimen-
tation decisions [33]. This instructor guidance, however,
needs to vary throughout the instruction in a way that
students can become more independent learners as they
develop decision-making skills [34]. In other words, we can
gradually reduce the structure in the lab by incrementally
providing students more opportunities to make their own
choices and decisions.

In this sense, the labs in this study begin with a more
guided inquiry format and transition into more open-
inquiry as the semester progresses [35,36]. Our previous
work has demonstrated the ways in which students’
agency is better supported in these types of labs, leading
to improvements in their attitudes towards and engage-
ment in experimental physics practices [6,25]. In this
study, we seek to evaluate students’ perceptions of that
agency, given a possible negative response, akin to that
observed in active learning contexts. Our expectation is
that the gradual shift in available agency supports students
in transitioning their expectations about opportunities for
agency in the course.
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C. How do different student groups
experience agency in labs

Students across many science, technology, engineering,
and mathematics (STEM) majors are required to take
physics lab courses as a foundation to their academic
training. Thus, these diverse learners can have different
motivation and achievement goals in taking these courses.
On the one hand, those who intend to major in physics can
regard physics labs as relevant to and aligned with their
academic aspirations, which can lead to a more intrinsic
motivation (i.e., mastery goals) [37]. On the other
hand, those who intend to major in engineering or other
science majors can regard these courses as frustrating
barriers to overcome or hoops to jump through in order
to continue in their academic programs, which can lead to a
more extrinsic motivation (i.e., performance goals) [37].
Depending on their learning motivation (extrinsic vs
intrinsic), students’ perceptions about and affinities towards
a course may vary, which then can affect how they engage
with the learning settings [38].

Students’ motivation in a course may also depend on the
particular learning goals or instructional strategies [39]. For
instance, physics majors with more mastery-goal orienta-
tions might be motivated to develop an appreciation of the
labs because they reflect the practices of experimental
physics. Alternatively, physics majors who intend to pursue
theoretical physics may be less motivated for the same
reason. Engineering majors with performance goal orien-
tations (such as because the course seems less relevant to
their major) may negatively perceive the agency in the labs
because they require more active student participation and
engagement [28].

Additionally, women and men may also perceive agency
in lab instruction differently. Bandura links agency to the
individual’s self-efficacy (the individual’s beliefs about
their own abilities): “efficacy beliefs are the foundation
of human agency” [5] (pg. 10). Research has repeatedly
found that women express lower self-efficacy than men
[40-43], even when they have similar or higher academic
performance [44,45].

Based on the substantial research on self-efficacy
differences across gender, we expect that these gaps in
self-efficacy may translate into students’ willingness to
become more agentic learners. In a longitudinal study of
chemical engineering majors, women were found to have
lower confidence in their ability and take less active roles in
cooperative group work than their male counterparts [46].
This study also found that men felt more benefits from
group work where they had more active involvement by
explaining things to others [46]. Research in physics has
also found similar gendered interactions in lab environ-
ments, with women socialized into less active roles in
experiments [47—49]. One study showed that students can
associate lab roles as feminine or masculine depending on
how passive or active the work is [47].

Particularly in more open-ended labs, these active and
passive roles can relate to the degree to which the students
are engaging in the decision-making discourse—that is,
enacting their agency. For example, if one student takes
charge in a group and dominates the discourse [50,51],
other students might not perceive the agency afforded to
them in the instruction. In general, men more often take
charge of group work or dominate class discourse [52-55],
suggesting women may experience agency in labs differ-
ently than men. In a study of science Ph.D. students’
experiences, women more often report being ignored and
interrupted by their male colleagues and feeling discomfort
with the “combative style of communication” in their
research group [56]. Mimicking authentic scientific prac-
tice, therefore, may actually diminish female students’
agency in lab settings.

Based on these various student experiences in physics
courses, and the demonstrated benefits of labs that support
student agency, we examined students’ perceptions towards
the agency in lab: whether they sense and appreciate the
available agency in the lab. In addressing RQI, we first
examined all students’ sense of agency over time with a
pre- and post-test survey. In RQ2, we investigated students’
perceptions of the labs. Particularly, we examined their
favorite lab unit and reasons why it was their favorite.
Finally, in RQ3 we expand RQ1 and RQ2 by comparing
student groups across course and gender.

III. METHODS

A. Data collection, lab context, and participants

The participants were students from intro-level mechan-
ics courses at Cornell University. We collected data from
two semesters of instruction from two physics courses: one
course primarily taken by physics majors (majors) and one
course primarily taken by engineering majors (engineer-
ing). Both of these courses focus on classical mechanics
and kinematics at the introductory level and they use the
same lab curricula [57,58]. Data in the majors course were
collected during in-person instruction and data in the
engineering course were collected in Spring 2020, when,
by the sixth week of lab, the university transitioned to
online instruction due to COVID-19. During this shift, the
instructors modified the final lab unit in a way that
supported remote instruction while still maintaining the
agency of its design.

We analyzed responses from 66 students in the majors
course and 246 students in the engineering course. In
addition to the differences in students’ majors across the
two courses, the gender distribution was also distinct, with
50% women in the engineering course and less than 30%
women in the majors course.

Labs were associated with the main lecture course and
taught by graduate teaching assistants (TAs). Each lab
session was two hours long and each lab unit typically
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More structure
Less student agency

Lab 1:
Pendulum

2 weeks

Lab 2:
Objects in
flight

2 weeks

Less structure
More student agency

Lab 3:
Hooke's
Law

Lab 4:
Project Lab

3 weeks

2 weeks

FIG. 1.
students proceed from lab unit 1 to lab unit 4 (Project lab).

spanned two sessions. In a 15-week semester, there were
10 weeks of lab (Fig. 1). Students conducted their experi-
ments in groups of two or three students (including during
the period of emergency remote teaching for the
Engineering course). Between each lab unit, students
picked different lab partners. The first lab session (Intro)
was an introductory unit, where students took the motiva-
tion survey and conceptual tests. In the rest of the lab
session, students did small whiteboard activities in groups
but they did not conduct any experiments. Afforded student
agency in the remaining lab units (Lab 1, Lab 2, Lab 3) was
gradually increased towards a final student-guided “project
lab” (see Fig. 1). In the final project lab unit, students
picked their own research question and designed the whole
lab investigation, culminating in a group presentation
during the third week of the unit. Students in the majors
course took the post-test during the final session and after
the presentations. Students in the engineering course took
part of the post-test during the final session and after the
presentations and the other part in their own time outside of
class. In the majors course, students primarily designed
their projects using the range of lab equipment made
available to them in the rest of the course. In the engineer-
ing course, students designed their projects using materials
found around the house (due to the shift to emergency
remote teaching). Otherwise, the instructions for the labs
were almost identical.

B. Measuring sense of agency

We developed a motivational survey measuring students’
attitudes and beliefs towards physics experimentation. The
survey included several latent variables, but here we focus
on one particular construct: Sense of agency [59]. The
sense of agency construct was composed of four items
measuring students’ beliefs about how much control they
have in their experimental steps. All items were asked using
a five-point Likert scale (from 1 to 5).

The initial validity and reliability of the sense of agency
construct was reported in our previous study [59], which
also includes partial analysis of the data from the majors
course. Our prior analysis found that students’ sense of
agency increases within the semester for physics majors.
Here we also evaluate the sense of agency of students in the
engineering course, which is a broader and more diverse

The diagram shows the timeline of the lab units in the courses. Available student agency increases and structure decreases as

student population. We use ¢ tests and Cohen’s d to
investigate whether average sense of agency scores showed
significant shifts through the semester. Statistical F tests
demonstrated that the variance between pre- and post-test
groups were indistinguishable (p = 0.234), so we could
use paired ¢ tests assuming equal variances. We also
conduct basic validity tests (Cronbach’s alpha and con-
firmatory factor analysis) for the new dataset. Cronbach’s
alpha values were 0.87 and 0.86 for the majors and
engineering courses, respectively, indicating a good inter-
nal reliability among items [60]. We also analyzed the
entire survey through a factor analysis. The factor loading
results for the four sense of agency items are given in
Table I and show strong internal consistency (all items
loading strongly to a single factor).

C. Measuring perceptions of agency

We also investigate students’ perception of agency via
open-ended questions, administered at the post-test. We
asked: “What was your favorite lab unit this semester? You
may select more than one choice.” Students were also asked
to explain their preference for the specific unit.

Students’ responses were coded using a modified version
of the reasoning scheme from our previous study [59]. Two
researchers independently coded half of the data. We focus
here on one code, “freedom,” where students described
their autonomy, freedom, or choice in the lab, particularly

TABLE 1. Sense of agency items and their factor loading (1)
values for both physics courses are shown below.

Items Majors Engineering

I am in control of setting the goals for the 0.859 0.819
experiments.

I have the freedom to design and conduct 0.860 0.812
the best possible experiment to attain
my goals.

I am in control of choosing the 0.733 0.767
appropriate analysis tools to evaluate
experimental outcomes.

I am in control of doing interesting 0.723 0.712

experiments in a physics lab.
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FIG. 2. Raincloud plot [62] presents the shift in students’ sense of agency scores from pre- to post-test by gender in two physics
courses with the same lab curricula. The box plot indicates the median, interquartile range, and the full range of scores. The figure also
includes the mean and standard errors, with dotted lines indicating the shift in the mean sense of agency by gender.

related to making decisions. Examples of responses coded
as freedom include:

“I like how we had the freedom to design our own
objective of each lab, come up with a procedure of our
own, and analyze the results depending on a choice of
our own.”

“We were able to design our own experiments and
investigate things we found interesting.”

Rater agreement on the freedom code was 95% with a
Cohen’s kappa of 0.88. Any disagreements were resolved
through discussion between the two primary coders and, in
some cases, a third coder. The full reasoning scheme with
interrater reliability results are found in Table III.

To address the second part of RQ3, we matched students’
self-reported gender with their survey responses and
examined the proportion of students of each gender that
were coded for freedom versus the other codes in their
reasoning for their favorite lab.

IV. RESULTS

A. Students’ sense of agency

To address our first research question, we examined the
students’ pre- and post-test scores on the sense of agency

construct (Fig. 2). Students in the majors course, on
average, had neutral sense of agency pretest scores
(M =296, SD =0.98), indicating students neither
expected low or high agency in college labs based on
their previous physics lab experiences. At the end of the
course, students’ average sense of agency scores increased
to M = 3.74, SD = 0.84. This change from pretest to post-
test (95% confidence interval [0.48, 1.07]) was statistically
significant [#(56) = 5.29, p < 0.001] with a medium to
large effect size (d = 0.76) [61].

Students in the engineering course also started with
neutral sense of agency scores (M =3.05, SD =0.84) and
ended with positive sense of agency scores (M = 3.99,
SD = 0.77), on average. The shift (95% confidence interval
[0.81, 1.07]) was statistically significant [#(245) = 14.21,
p < 0.001], with a large effect size (d = 1.17) [61].

In both courses, men and women indicated statistically
indistinguishable sense of agency scores at pre- and post-
test (p > 0.1 in all cases). Thus, men and women expe-
rienced similar increases in their sense of agency from the
beginning to the end of the course. Thus, to answer RQ1,
students recognize the increasing opportunities for agency
as the labs progressed and, to answer part of RQ3, this
recognition did not differ between students from the two
courses (engineering versus physics majors) or between
men and women.
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TABLE II. Percentage of men and women who indicated
preference for the project lab or other labs (lab units 1, 2, and
3 in the majors course and lab units 1 and 2 in the engineering
course).

Women Men

Majors Project lab 29% 58%
Other labs 71% 42%

Engineering Project lab 60% 52%
Other labs 40% 48%

B. Students’ perceptions of agency

To answer our second research question, we analyzed
student responses to an open-response survey question
asking students to select their favorite lab unit and explain
why they choose this unit. Although students were given
the option to select multiple units as their favorite, the
majority of students (> 98%) picked just one. The majority
of students in both courses (58% in the majors course and
57% in the engineering course) selected the Project lab as
their favorite lab unit (Table II).

The lab unit preferences between female and male
students were distinctly different in the majors course
[¥*(1162) = 5.91, p value = 0.015], but not in the engi-
neering course. While 60% of the female students in the

engineering course selected project lab as their favorite
(comparable to men in either course), only 29% of women
in the majors course chose project lab as their favorite unit
(Table IT). Men’s preferences between the two courses were
indistinguishable [y*(1, 156) = 0.25, p value = 0.61].

The coding analysis indicated that, in both courses, when
students chose the project lab as their favorite lab unit, their
explanations were overwhelmingly coded as freedom
(approximately 75% of students who chose project lab;
Fig. 3). This code included anything related to students’
agency, autonomy, freedom, or choice in the lab activity. In
all cases, the freedom was specifically tied to the aspects of
the experimentation process.

Women in the majors course, however, expressed
explanations coded as freedom at much lower rates than
male students and women in the engineering course,
though this was still the most prominent reasoning category
for describing the project lab (Fig. 3). Compared to the
other groups, female students in the majors course who
preferred the other lab units were almost uniformly spread
between the other reasoning categories, with slight major-
ities for the apparatus, epistemology, and other codes (see
Fig. 4 in the for the full reasoning distributions). This
uniform distribution of reasoning patterns indicates there
was no single reason why women in the majors course
preferred the other units.

[ Men [l
75-
50-
25-

Percentage

0 -
Other labs
Favorite lab

Project Lab

FIG. 3.

0_
50-
25-

Project Lab

Women I
I |
=
«Q
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(0]
@
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«Q
Reasoning
— . Freedom
Other

<
&,
o
7]

Othe;' labs

Physics and engineering students’ reasoning to their preferred lab unit as a percentage across gender, course, and favorite lab.

For example, the first bar in the top left quadrant indicates, of the women in the engineering course who preferred project lab, the
percentage of their explanations that were coded as freedom versus the other codes.
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FIG. 4. Coding results of physics and engineering students’ reasoning to their preferred lab unit. Students’ responses could be coded

under multiple reasoning categories.

V. DISCUSSION

In this paper, we examined students’ sense of agency in
and perceptions about experimentation-focused labs. To
address RQ1, we evaluated how students’ sense of agency
in the lab changed from the beginning to the end of a
semester of lab instruction. To address RQ2, we surveyed
students about their reasoning for choosing a particular lab
unit as their favorite and identified consistent themes in
their responses. Finally in RQ3, we compared findings
between men and women and between two physics courses
with the same lab curriculum but different populations
(primarily physics majors vs primarily engineering majors).

Students in both lab courses started with a neutral sense of
agency scores, suggesting that students, on average, did not
have a strong sense for how much control they should expect
in the introductory physics labs. These findings may be
unsurprising given that the majority of our students had just
transitioned from high school to college and were taking
their first college physics course. Most high school labs are
taught using more traditional lab formats [63,64], and, even

at the college level, open-ended physics lab instruction is
still not as widespread as traditional formats. It is likely that
students expect a more advanced lab format at college
compared to their high school settings, but they might still
not know the degree to which they have agency in their
learning activities. The big challenge, therefore, is “com-
municating to students the expectations and goals of a
particular laboratory design..., particularly when the
designs are not traditional” [65]. To help manage students’
expectations, instructors should clearly (and as early as
possible) articulate the teaching methods in the course and
how those methods will support the course’s learning goals
[66—70]. Our findings support that, by the end of the course,
students recognized the goals and teaching methods of our
reformed lab courses—namely, engaging students to make
good decisions in their experimental practices—and found
that agency to be positive.

Based on the cognitive apprenticeship model [34], our lab
curriculum gradually decreased the amount of structure
toward the end of semester, thus increasingly supporting
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student agency and choice. We expect students had an
adjustment period as they were moved through the lab
sequence and took up additional opportunities for agency.
Against our expectations, students in both courses positively
perceived this increased agency, as indicated by most
students preferring the final, most open-ended project lab,
particularly because of the “freedom” it afforded. This
preference also existed despite constraints put on the project
lab that limited the scope and scale of students’ projects.
This outcome contradicted one of our possible predictions
that, based on research in critical science agency [11-14],
students may not perceive or appreciate the agency afforded
to them if it did not tie to real-world issues or opportunities to
make change in the world.

The project lab unit can be considered the closest lab
session to providing an authentic science experience by
enabling students to experience freedom in what and how
they investigate. With increased choice and opportunities for
enacting agency, research suggests that students can become
more engaged [20] and develop more confidence [3] and
sense of ownership [22,23] in their investigations. Our
findings further support the benefits of using guided inquiry
on students’ sense and perceptions of agency. The data,
however, do not speak to how students might sense or
perceive agency in a lab curriculum that starts with a high
agency project lab or includes a single project that spans the
whole semester. From the cognitive apprenticeship model
[34] and research on student perceptions of student-centered
lecture instruction [28-31,71], we expect students would
likely be frustrated by or concerned about too much freedom
at the outset. The intentional fading of structure to increas-
ingly support agency may be necessary to scaffold students’
experiences. For example, our recent study in an advanced
chemical engineering course sequence suggested that stu-
dents found that the first course in the sequence (which was
relatively highly structured with limited choices) was
necessary to prepare them for the unstructured nature of
the second course (a 10-week fully open-ended project
course) [72]. Future work should evaluate possible alter-
natives on the open-endedness of lab activities throughout
an introductory lab course.

Additionally, reformed instructional methods can yield
successful outcomes in one course but fail in another due to
the broad spectrum of student values and goals in the course.
During the firstimplementation of our labs (before this study
took place), students in the majors and engineering courses
responded and engaged with the new lab format differently.
Course evaluations indicated that students in the engineering
course experienced significant frustration with the labs, as
compared to students in the majors course, particularly
regarding not knowing what they were “supposed” to be
doing. Over time, we modified and refined our reformed lab
curricula by utilizing feedback from students and TAs in
earlier semesters to better support students’ expectations and
more gently fade the scaffolding to support the transition to
more open-ended labs. In this study, we observed that

students in both courses, using the same lab curriculum,
not only showed a similar increase in their sense of agency,
but also viewed the agency as a positive feature of their
favorite lab unit.

However, there were differences in the ways female
students experienced the two courses. In the engineering
course, we observed very similar statements from both men
and women in terms of their favorite lab choices and
reasonings. In the majors course, we found that very few
female students selected the project lab as their favorite unit
and mentioned freedom at lower rates. There may be several
reasons for this disparity in men’s and women’s perceptions
of agency only in the physics majors course. Women in the
majors course were a numerical minority (30%), whereas
women were equally represented in the engineering course
(50%). This imbalanced demographic distribution can trans-
late into imbalanced gender compositions in lab groups and
lead to differential experiences [52]. Even though women
are found to benefit more from cooperative group work [73],
women have been found to take on more passive roles in
physics labs [47-49,74] and participate less in discussion
[52-55], which may impact their perceptions of agency.
Much of the work has found these disparities in courses for
nonphysics majors, however, leaving an important question
as to why women in the majors course, but not the engineer-
ing course, demonstrated these differing perceptions.

One possibility is due to a key difference in the imple-
mentations of the two courses. Whereas the majors course
took place during a fully in-person semester, the post-test
from the engineering course was conducted after the shift to
remote instruction in Spring 2020. Thus, the ways women
perceive agency in in-person versus remote labs may be the
key difference, not their majors. It is unclear, however, why
the shift to remote instruction would affect the perceptions of
women, but not men. Alternatively, because the number of
women in the majors course was quite small, individual
women’s negative experiences in the project lab could have
significantly affected the aggregate data. Future research
should evaluate women’s experiences in the more open-
ended project lab at a finer granularity and examine potential
interventions to better support women’s perceptions of
agency in the lab. We also plan to collect additional data
from this population in subsequent semesters to evaluate
whether the results here are indicative of a common trend or
an isolated event.

Transforming a lab course to an open-ended format is a
nontrivial task in many ways. For one, open-ended labs are
relatively rare in physics education and more work is needed
to refine and improve them. Lab instructor training to
implement the reformed pedagogy is also essential, particu-
larly when both the pedagogy and the content associated
with the learning goals may be novel for many graduate
students. Furthermore, many students are accustomed to
traditional labs and it can be challenging to promote student
buy-in regarding the open-ended and high student agency
lab format.
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Even considering these challenges, our study further
demonstrates that open-ended lab instruction is a great way
to promote student engagement and enjoyment. Students
can develop multiple scientific skills [25,75], develop more
ownership in their experiments [22,23], and become more
fully engaged [20]. Our results in this study demonstrate
that these benefits do not come at a cost to students’
perceptions and attitudes: they generally appreciate the
agency afforded to them. However, the results also indicate
that we need to better understand how best to implement
these tools in our classes to support all students’ experi-
ences and perceptions.
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APPENDIX

Table III shows the full codebook for students’ explan-
ations to the question “What was your favorite lab unit this
semester? You may select more than one choice.” The
codebook was adapted from our previous study [59], where
categories were emergently and iteratively identified based
on common themes. For this work, one category related to
Remote Learning was added for the responses in the
Engineering course because the last lab unit took place
during the shift to emergency response teaching in Spring

The codebook for students’ reasoning for their favorite lab unit with code names and their definition. Percent agreement

and Cohen’s kappa values are also given as an interreliability measure between the coders.

Code name

Definition and examples

Cohen’s
kappa

Rater
agreement

Freedom

Learning
concepts

Affect

Logistics

Epistemology

Experimental
skills

Equipment

Other

Students describe autonomy in the lab, particularly related to making decisions.

“I like how we had the freedom to design our own objective of each lab, come up with a
procedure of our own, and analyze the results depending on a choice of our own.”

“We were able to design our own experiments and investigate things we found
interesting.”

Students associate labs with reinforcing theory or helping them to understand theory,
lectures, or general course material.
“It was good to see the small angle approximation in action.”

“It was very clear to see the effects of air drag on the graphs, especially when many
objects were used.”

Students describe feelings or emotions that are directly related to the lab unit or group
mates. “It was easy and actually fun to do.”

“It was fun to try to model objects in flight and make modifications like spinning vs.
throwing them straight”

Students mention lab notes, duration of the lab, or how lab is organized, structured, or
scaffolded. “Least work outside class hours.”

“My partners worked well and we did the lab quickly and efficiently and were able to
discuss.”

Students express learning something new or how knowledge in the experiment is
acquired.
“I got to see how much drag can impact and realized why we consider it negligible.”
“It was interesting to learn new things about experiments I did in high school.
It was surprising to see that I didn’t quite know everything about it that
I once thought I did.”
Students mention learning lab-related skills such as using certain statistical tools,
collaborating with each other and/or being cognizant of biases in experiment.
“It helped me understand how to calculate if two measurements are distinguishable
from each other.”
“I enjoyed using graphs to model and interpret data from the sensors.”

Students mention the objects, tools and/or apparatus used the lab session.
“We got to use force sensors.”
“Using LoggerPro was really fun to see the actual graphs of what was happening.”

Any other topics that were rare and not in the above categories.

94.8%

94.8%

93.5%

96.1%

96.1%

97.4%

100%

92.2%

0.88

0.69

0.79

0.71

0.82

0.86

0.62
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FIG.5. Wordclouds show the most frequently used word for students’ open-ended responses to why they liked a particular lab unit in
the majors (left) and engineering (right) course. Freedom is the most frequently written word.

2020. The frequency of remote learning statements ended
up being quite low, however, so we included such state-
ments under the other reasoning category.

Two researchers independently coded half of the data.
The modified reasoning scheme and kappa values (inter-
rater reliability) are shown in Table III. While most of the
kappa values indicated either strong or almost perfect
agreement, two of the categories showed moderate levels
of agreement between the coders (> 0.60 and < 0.70) [76].
The disagreements were resolved by either two coders
discussing them or a third coder (one of the researchers)
resolving the disagreement.

The full counts of student responses across gender
and course are shown in Fig. 4. We kept the results here as

raw counts, rather than percentages, for simplicity. There
were 66 students in the majors course (and fewer than
30% women) and 246 students in the engineering course
(50% women). Students’ explanations could also be coded
with more than one code, so the total count in each
quadrant of the figure add to more than the number of
students.

We also built wordclouds of students’ reasoning
for their favorite lab wusing the rquery.wordcloud()
function in R. The wordcloud scales each word by the
number of students that mentioned it. The wordclouds for
the majors and engineering courses (Fig. 5) both indicate
that freedom was a prominent theme in students’
responses.
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