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The rapid transition to remote teaching in the spring of 2020 posed particular challenges for laboratory
courses, which often involve students working hands-on with equipment in collaborative environments.
Replicating in-person experiments was especially challenging for advanced lab courses that utilize
specialized apparatus, which could not be accessed by students at home. However, physics lab instructors
employed a variety of creative strategies to overcome these barriers and provide students access to lab-like
learning in a remote setting. We report on one advanced lab course that used the transition to remote
teaching to completely redefine the course goals and transition from traditional prescriptive labs to more
open-ended projects. We conduct a case study analysis, triangulating among several data sources—survey
responses and interviews from both instructor and students—to construct an in-depth understanding of the
remote course and how students experienced it. Although we cannot necessarily generalize the results of
this analysis to the entire student experience in the course due to the student response rate, the feedback that
the course did receive from both students and the instructor was overwhelmingly positive, and the
instructors are planning to retain the open-ended projects when the course returns to an in-person format.
We find that the new open-ended projects afforded students opportunities to make decisions and think
deeply about their experiments, which students report as contributing to their enjoyment and satisfaction
with the course. Students had mixed group work experiences, with some describing positive and
meaningful interactions and others describing group work as a source of frustration and stress.
Additionally, some students missed being able to work hands-on with equipment, and some reported a
high workload that made the course stressful. We discuss these student experiences and provide
implications for both in-person and remote lab courses.
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I. INTRODUCTION

In the spring of 2020, physics courses across the world
had to quickly transition to operate remotely due to the
COVID-19 pandemic. This posed particular challenges for
lab courses, which often rely on students working hands-on
with equipment in collaborative environments. Physics lab
instructors employed a wide variety of creative approaches
to overcome this challenge in order to continue to provide
opportunities for students to access lablike learning during
these challenging times [1–9]. From recorded videos of
instructors conducting the labs, to sending equipment to

students’ homes, to engaging students in data analysis and
scientific communication, the approaches used in physics
lab courses and the elements that proved successful or
challenging were highly context dependent [3]. In this
context, we define remote labs to encompass any continued
instruction of a course that was considered a lab course
prior to the rapid transition to remote work, in which all
students and instructors were not in the same physical
location and were communicating asynchronously and/or
synchronously online.
In this paper, we focus on one particular advanced lab

course in which the instructors used the transition to
remote teaching to completely redefine the goals and
structure of the course by shifting from traditional
prescriptive labs to more open-ended multiweek projects.
Students liked the course overall, primarily because of the
opportunities the open-ended structure of the projects
gave them to make their own decisions and think critically
about their experiments. The instructor also reported that
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the open-ended projects led to high student engagement,
even in the remote format. In a broader investigation of
remote lab courses during the pandemic, we find such
student engagement in, and enjoyment of, the course to be
uncommon [1]. This course thus presents an interesting
case in which to explore and understand students’ expe-
riences more deeply. We conduct a case study analysis,
triangulating among multiple data sources—instructor
and student survey responses and instructor and student
interviews—in order to gain an in-depth understanding of
how this course implemented the projects in a remote
format, and of students’ experiences in the course. Our
goals for this paper are to provide a rich description of the
course context, highlight student voice, discuss the suc-
cessful aspects and challenges encountered by both
students and instructors, and provide implications for
both remote and in-person lab courses.
We begin by presenting relevant background on remote

labs and project-based labs (Sec. II) and describing the
methodology for this study (Sec. III). Then, we provide a
description of the institutional, departmental, and course
context (Sec. IV) as well as the instructor’s articulation of
main course goals (Sec. V). In Sec. VI, we present and
discuss students’ experiences and perspectives as docu-
mented in closed- and open-response survey items, as well
as from interviews. These student data form the bulk of our
analysis, and are complemented by course-level results
from the Colorado Learning Attitudes about Science
Survey for Experimental Physics (E-CLASS) [10]
(Sec. VII), and documentation of instructor perceptions
of success and challenges (Sec. VIII). Finally, we conclude
by discussing implications for remote and in-person lab
courses (Sec. IX).

II. BACKGROUND

A. Remote lab courses

Lab courses are a crucial part of the physics under-
graduate curriculum and in-person, hands-on, collaborative
environments are ideal for achieving the myriad goals that
lab courses seek to achieve [11]. Nontraditional lab
experiences (i.e., remote, virtual, home-based, or distance
learning labs) are not the norm in physics education, but are
certainly not new. These types of lab instruction can present
some possible benefits, such as providing more flexibility
[12] and expanding access to laboratory work for students
who are part-time, have disabilities, or have caring respon-
sibilities [13]. In a comparative study of traditional in-
person labs and online labs that used an Interactive Online
Lab (iOLab) device for hands-on work, Rosen and Kelly
report that there were no differences in students’ episte-
mological beliefs about experimental physics or views
about help seeking, but that the online option offers
students a choice of their preferred format regarding social
interaction [14]. Leblond and Hicks also describe an online

lab course that uses the iOLab device and suggest that
iOLabs coupled with an online course design that empha-
sizes teamwork, targeted feedback, and self regulation can
provide opportunities for students to engage in hands-on,
inquiry-based lab learning outside of the classroom [15].
Thus, there are increasing opportunities for remote physics
lab courses to provide a complement to in-person labs,
which may present potential benefits for student learning.
However, other research concludes that remote lab courses
may be detrimental to students’ development of lab skills
[16]. As such, any remote lab course must take care to
consider both potential benefits and disadvantages to
student learning.
Of course, creating and running a remote physics lab

class, just like any other class, requires a lot of preparation,
thought, and expertise around remote pedagogy. Unlike in
the studies mentioned above, the switch to remote instruc-
tion in the spring of 2020, due to the COVID-19 pandemic,
was sudden and unplanned. To distinguish from courses
that were designed from the beginning to be remote, we
refer to this situation as emergency remote teaching [17].
The community of physics lab instructors had to employ
creative and resourceful approaches to rapidly transition
their courses to be remote, while maintaining their learning
goals [1,2]. Some of these approaches included using
equipment like iOLabs [14,15] or sending kits home with
students [9], having an instructor or teaching assistant in the
lab manipulating the equipment while students direct them
via video conference, using simulations to explore phe-
nomena and collect data, sending students data already
collected and having them focus on data analysis and
communication, and more.
A few studies have looked at how this rapid transition to

remote lab teaching impacted students. In a separate
investigation of students’ attitudes toward experimental
physics, we found that, in a sample of introductory courses,
students’ scores on the E-CLASS [10] were no different in
2020 as compared to prior years [4]. We do, however,
observe differences on individual survey items, including a
possible shift toward the expertlike view that the role of
experimental physics is not simply to confirm previously
known results. In a study of students in Germany, Austria,
and Croatia, Klein et al. report that students considered labs
more successful when they collected their own data rather
than worked with data that were provided to them [5].
Additionally, they found that first year students were less
likely to perceive that remote lab courses were effective at
helping them develop experimental skills than students who
were farther along in their degrees. In contrast to our
previous work [4], here we focus on an advanced lab course
and conduct an in-depth qualitative investigation of stu-
dents’ experiences, discussing the ways in which both
they, and their instructor, felt that the remote lab instruc-
tion impacted their learning and development of exper-
imental skills.
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B. Benefits of project-based labs

Project-based labs, in which students work in groups on
a single experiment for several weeks at a time, are
growing in popularity [18]. Such projects can have varying
amounts of structure—sometimes instructors may define
the topic or goal and students have to figure out how they
will achieve the goal, while other times students are
responsible for selecting the topic and defining the project
from start to finish. The goals of project-based labs are
often to provide students with authentic researchlike
experiences and to focus on important aspects of exper-
imental physics like teamwork and communication, pre-
paring students for future careers in physics or science
more generally [18–21]. Research in physics education
demonstrates that projects can introduce students to real
practices and skills of experimental physicists [21–23],
impact students’ views about experimental physics [24],
increase students’ confidence and competence around
experimental physics tasks or skills [25,26], and support
students’ sense of ownership [27–29].
Engaging students in open-ended projects may also

provide opportunities for student agency, a key element
of ownership. In science education, there are a variety of
definitions for agency [30], but generally it can be thought
of as the “opportunity to make decisions to pursue a goal”
[22]. Holmes, Keep, and Wieman describe the crucial role
that agency plays in scientific practice, and discuss stu-
dents’ decision-making agency in instructional lab envi-
ronments [22]. When students have to make decisions
about their experiments or investigations in physics lab
courses, they are afforded agency within that specific
context. They might have to define a research question,
decide what equipment, measurement techniques, and
analysis methods to use, or determine how to present the
results. Opportunities for this type of agency may be
available in project-based lab courses with varying struc-
tures and amounts of instructor guidance [22], but tradi-
tional prescriptive labs typically do not afford students the
opportunity to make many decisions since they require
students to follow a manual or predefined, step-by-step
procedure. The construct of agency is complex and con-
stantly evolving, encompassing practices of both individ-
uals and social groups [30]. In this paper, when we use the
term agency, we are referring to the decision-making
agency that students have within the confines of the social
structure of one particular lab course, and we do not
consider macrostructures beyond this local context.
In the transition to emergency remote teaching during the

COVID-19 pandemic, some instructors incorporated proj-
ects as part or all of the remote course. Shivam and
Wagoner [6] describe an introductory algebra-based course
in which students each did three different remote experi-
ments: a recorded experiment in which students watched
videos of instructors performing the experiment and then
used their observations to develop a model of the system, a

virtual experiment in which students used PhET simula-
tions [31] to make measurements and analyze data, and a
three-week-long project in which students had a choice of
using a web applet to experimentally answer their own
question, designing and conducting an experiment using
physical household materials, or using the Algodoo [32]
software to design their own “scene.” Students reported that
they learned the most from the project because they had to
be involved at every step, making decisions and thinking
critically about their experiment. Additionally, students in
this study found the project and virtual experiments to be
most enjoyable. In a physics and information science
course, Bradbury and Pols [7] implemented open-inquiry
projects in which students defined their topic, research
questions, and methods, with guidance from the instructor.
One of the major goals of their course was to have students
experience an iterative cycle of scientific research, and the
authors report that the open-inquiry structure was one key
factor that led to the success of these projects in the
emergency remote teaching context. In a first year lab
course, Pols describes a transition from prescriptive to more
open-ended lab activities for which students were given a
research question and had to design their own experiment
[8]. They report that this course structure was successful in
getting students to engage in scientific inquiry.
Similar to each of these three examples, the case study

that we present here is a course that transitioned from
traditional prescriptive labs to more open-ended projects
that afforded students’ opportunities for decision-making
about their experiments and opportunities to experience the
iterative nature of experimental physics. Our case differs
from these examples in that it is an advanced lab course for
physics majors and, unlike in Refs. [6,7] (but similar to
Ref. [8]), students did not choose their own topic or
research question, but rather designed their own experiment
to solve a particular problem posed by the instructor.
Additionally, unlike in the introductory lab courses
described in Refs. [6–8], this course added open-ended
tasks to experiments utilizing complex equipment typical of
research labs, thereby retaining the opportunity for students
to learn about technical equipment and allowing for these
changes to more easily transfer back to the in-person
version of the course.

III. METHODOLOGY

A. Data collection

As part of a larger study of emergency remote physics
lab courses, we collected several forms of data beginning in
March 2020, when many courses transitioned to remote
teaching. First, we administered an online survey to physics
lab instructors that contained both closed- and open-
response questions about their course and their experience
with the transition to remote teaching. We sent the survey to
professional listservs related to laboratory instruction as
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well as to instructors currently administering the E-CLASS
in their courses; we received responses from 106 instructors
representing 129 different courses.
The E-CLASS is an instrument that probes students’

attitudes and beliefs about experimental physics, and is
used worldwide by instructors to evaluate and improve their
lab courses. Each semester, the survey is administered pre-
and post-instruction to a few thousand students in approx-
imately 50 courses. In the Spring 2020 term, we appended a
set of additional questions to the end of the standard
postinstruction E-CLASS, which included both closed- and
open-response questions about students’ experiences with
the transition to remote teaching of physics labs. We refer to
these questions as the remote lab survey questions. Closed-
response questions asked students to identify the activities
they engaged in and challenges they encountered, as well as
to respond to a series of Likert scale statements. A few
example statements include the following:

(i) I liked the remote lab class.
(ii) Compared to in-person labs, remote labs were better

at helping me learn laboratory skills.
(iii) Compared to in-person labs, remote labs were better

at enabling me to work at my own pace.
The answer choices given for the Likert scale items were
strongly disagree, disagree, neither agree nor disagree,
agree, and strongly agree. For the remainder of the paper
we refer to the “neither agree nor disagree” option as
“neutral,” for the sake of brevity. There were four main
open-response questions:

(i) Describe your favorite aspect of the remote lab class
(ii) Describe the thing you missed the most about in-

person lab classes
(iii) Please give an example of how the transition to

remote lab instruction impacted your learning
(iv) Describe the biggest challenge that you encountered

in the remote lab instruction environment
From an initial review of the instructor survey results and

student responses to the remote lab survey questions, we
identified 10 instructors to interview to gain a more in-
depth understanding of their remote lab course. We selected
the specific instructors to represent a range of course types,
institutional contexts, and approaches to remote labs. The
interviews were conducted by the first author via Zoom.
Interview protocols were unique to each instructor based on
the information they had provided about their course in the
instructor survey; the overall goal of the interviews was to
gain a thorough understanding of a few specific courses,
including how the remote course was structured, why
instructors made the decisions they did in making that
transition, and elements that worked well or were particu-
larly challenging. Details of the specific interview protocol
used for this paper are provided in the following section.
From an initial review of the instructor interviews, we

identified 3 courses from which to recruit students for
interviews. Again, these courses were selected to represent

a range of course types, institutional contexts, and
approaches. We sent an email to the students in each
course that described our overall research study, asked for
interview volunteers, and stated that the purpose of the
interviews was to gain a better understanding of students’
experiences in these remote courses. Participation in the
interviews was voluntary, the instructors of each course did
not know which students participated in the interviews, and
students were compensated for their time. Student inter-
views were conducted by the first author via Zoom. The
student interview protocols were unique to each course; we
provide the details in the following section.

B. Case study analysis

While each of these data sources—instructor survey,
student responses to the remote lab survey questions,
E-CLASS results, instructor interviews, and student
interviews—has been, or will be, used in other analyses
[1,4], this overall data collection process was driven by a
case study approach. From the three courses for which we
have all five streams of data, we selected one for a case
study analysis to be presented in this paper. This particular
course was selected because it transitioned from traditional
prescriptive labs to more open-ended projects in parallel
with the transition from in-person to remote teaching, and
the student feedback about the course was overwhelmingly
positive (e.g., students reported on the remote lab survey
questions that they liked the remote course, a result that is
uncommon among other data we have collected). The goal
of this case study analysis is to understand all the details
about how this course operated and how that impacted
students’ experiences. We chose a case study methodology
to achieve these aims because it is particularly useful for
constructing a holistic and in-depth understanding of a
situation or phenomenon, through triangulation of multiple
data sources [33].
The course we analyze for this case study had a team of

instructors comprised of three lab staff members, one
faculty member, and six graduate teaching assistants.
The primary instructor, one of the staff members who is
also the director of physics instructional laboratories
at his institution, Joel (he/him, pseudonym), filled out
our instructor survey (both closed- and open-response
questions) and participated in an interview. Joel self-
identified as a white man and has been teaching this course
for over 20 years. The interview protocol was designed to
last one hour, but Joel opted to keep the interview going
longer (for approximately an hour and a half) because he
wanted to share more information about the course. The
instructor interview protocol was informed by the infor-
mation Joel provided on the instructor survey. We asked
about logistical details (e.g., Who was on the instructional
team and what were their roles? How did you make use of
technology such as Zoom? How were student groups
assembled?), the process of redefining goals for the course
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(e.g., What were the learning goals and how did they differ
from the in-person course? What was the process like to
define those goals?), specifics about the open-ended
projects (e.g., What were some example projects students
worked on? How did remote data collection work?), and
successes and challenges they encountered (e.g., What
were the most successful aspects of the course? Can you
elaborate on some of the challenges you reported on
the survey?).
Out of an enrollment of 60 students, there were 28

students who completed the standard post-instruction
E-CLASS (27 matched pre-post responses), and 22 of
them also responded to the closed-response remote lab
survey questions. Sixteen students responded to at least one
of the open-response remote lab survey questions; each of
the four open-response questions had between 12–14
responses, which ranged from a few words to a few
sentences. In the Spring 2020 quarter, 70% of students
in the course identified as men and 30% identified as
women. We do not have access to race or ethnicity
information for the course as a whole. All three students
who volunteered to be interviewed in this study were junior
physics majors. Samuel (he/him, pseudonym) self-
identified as a white and Asian man, Mei (she/her,
pseudonym) self-identified as an Asian woman, and
Amy (she/her, pseudonym) self-identified as an Asian
woman. The student interviews lasted between 55 and
59 min. The student interview protocol was informed by
the information we received about the course from both the
instructor survey and interview. We asked students about
their general experience with the remote course (e.g., What
were your favorite aspects? What was most challenging?
How did the remote quarter compare to the prior two
quarters?), details of their projects (e.g., What projects did
you work on? How did you make decisions when designing
your own procedures? Did you make any revisions to your
plan or experiment?), their experiences with remote col-
laboration (e.g., How did your groups divide up the work?
What did you get out of the meetings with your group
members, TAs, and instructors?), and opportunities for
agency (e.g., Do you feel like you had control over your
own learning in the course?).
To conduct the case study analysis, we first reviewed the

instructor survey and instructor interview data in order to
construct a thorough understanding of the course context
(Sec. IV) and goals (Sec. V), as well as Joel’s perspectives
on successes and challenges in the course (Sec. VIII). Next,
we looked at the class average E-CLASS scores over the
last three years to see if there was a difference in the pre-
post shift in the 2019–2020 year as compared to prior years.
We also looked at an individual E-CLASS item that aligned
with the one of the goals of this course to determine if it had
shifted from prior years. These results do not feature
heavily in our analysis, but we do report them as one
way to assess impact of the remote course.

Next, we reviewed student responses to the remote lab
survey questions. For the closed-response questions, we
identified a subset of items that either had a bimodal-like
response with a majority of the students falling in the
extremas or that we felt might be particularly related to
students’ experiences with the open-ended projects. We did
not conduct any statistical tests on the closed-response
data—instead, we use the results as a complement to the
open-response and interview data, with the latter providing
meaning and context for the closed-response results.
For the open-response questions, we conducted a coding

analysis of students’ responses in order to identify common
themes in the experiences that students shared. Through an
iterative process, we identified 13 emergent codes catego-
rized into four main themes (Sec. VI). Upon creating the
codebook, we conducted an interrater reliability study in
which two independent researchers coded a subset of the
data (20 student responses, out of the total 53). The Cohen’s
kappa was 0.96, and the two raters reached 100% agree-
ment on all codes after discussion. The first author then
coded the entirety of the open-response dataset. After we
had identified the four main themes present in the open
responses, we reviewed the transcripts of student interviews
and identified the interviewees’ experiences and perspec-
tives related to those four themes.
In order to achieve a holistic and in-depth understanding

of students’ experiences in the course, we triangulate
among the closed-response, open-response, and interview
data from students. In Sec. VI, we present the results of
analysis of each of these data sources together, organized
by the four main themes from the open-response coding.
We discuss how the closed-response, open-response, and
interview data speak to each of these themes. Then, to
complement the student experiences highlighted in the
analysis, we present a few results from the E-CLASS
(Sec. VII) and the instructor perspectives on successful and
challenging aspects of the course (Sec. VIII).
Upon completing a draft of this paper, we conducted a

member check with Joel. He and the other members of the
lab staff reviewed our description of the course context, as
well as our characterization of instructor perspectives about
successful and challenging aspects of the course in order to
ensure that we were portraying their context and views
accurately. Resulting from this member check was only one
minor change to our understanding of the course context
(specifically, the length of the quarter).

C. Ethical considerations

Before conducting this study, we considered whether it
was ethical to conduct education research during a pan-
demic and how we might do so in a way that was beneficial
to the physics community, while minimizing any potential
harm or burden to research participants. The benefits of
conducting this research include documenting the experi-
ences of students and instructors, thereby valuing them as
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members of the physics education community, taking
lessons learned from remote lab instruction to inform
future lab courses (both remote and in-person), and
identifying long-term implications for expanding access
to physics labs. Instructors employed many creative strat-
egies to overcome the barriers of remote instruction during
a challenging term; some of these approaches could prove
promising for expanding what it means to learn and do
physics as part of the undergraduate curriculum. We believe
that documenting these approaches will benefit the physics
education community.
In designing this research study, we identified three

primary potential concerns. First, we were particularly
attuned to the fact that students and instructors in our
study may be suffering from personal physical and mental
health crises due to the pandemic, have increased family or
childcare responsibilities, be experiencing financial strain
due to the pandemic, or have limited access to necessary
resources to complete their work (e.g., internet, quiet place
to work). In conducting this research, we risked adding to
those burdens. Second, we were concerned about the
people who would not be able to participate in the research
due to these additional barriers, and thus would not have
their experiences and perspectives represented. The third
concern was that research participants would be asked to
think, talk, and/or write about stressful circumstances or
emotional topics during an already traumatic time, thus
exacerbating the emotional toll of the pandemic. We took
care to mitigate each of these concerns through every step
of the research process, and concluded that in doing so the
benefits of conducting this research outweighed the risks.
We worked to mitigate the first concern by minimizing

additional time asked of participants and to ensure that
participation in every aspect of the research was voluntary.
In writing the instructor and student survey questions, we
strove to minimize the amount of additional time we were
asking people to spend by limiting the number of questions.
As such, we included only questions that we felt would
provide information of benefit to the physics education
community. In particular, we limited the number of open-
response questions. For both instructors and students,
participation in this research was voluntary and instructors
could opt out of having their students see the remote lab
survey questions at the end of the standard E-CLASS. For
students who were already completing the E-CLASS as a
regular part of their course, and whose instructor did not opt
out of including the additional questions about remote
instruction, the additional questions were optional. Indeed,
some students in our case study completed the standard
E-CLASS and then opted not to continue to the remote lab
questions. Student interviews were also voluntary and were
completely disconnected from the course (they took place
after the course had been completed and instructors did not
know who participated in interviews). As is standard
practice, we compensated students for their time and

notified them that they could choose to leave at any time
or choose not to answer specific questions.
Beyond making it as easy as possible to participate in the

research (given the existence of adequate time and resour-
ces), we did not have much control over who was able to
participate in our study. As such, the concern about
excluding participants who were being impacted more
severely by the pandemic remains a limitation of our study.
We remain cognizant of this fact throughout our analysis,
and take care not to make claims of generalizability of the
experiences presented in this paper to all of the students in
the course.
To minimize the risk of participants feeling like they

needed to discuss potentially traumatic situations, we did
not ask participants about how the pandemic was impacting
them other than through their experiences with remote
instruction. In the interviews, we were happy to listen and
engage in conversation around these topics if the inter-
viewees wanted to, but we did not ask them to be vulnerable
with a stranger if they did not want to be. As with any
interview study, we strove to build rapport with interview
participants and conducted the interviews in a semi-
structured manner such that they flowed like a casual
conversation. In this way, we attempted to make the
interview a space for connection in which instructor and
student participants could guide the conversation.
Throughout our overall study, we found that instructors

were eager to share their experiences and to see the results
of our research that might inform their ongoing remote lab
courses. Similarly, the three student interviewees for this
case study seemed eager to share their experiences with us.
They all expressed gratitude for the opportunity and said
they were eager to contribute to the research that might
benefit other lab courses (both remote and in-person). Thus,
we feel that at least for the students and instructors we
interviewed, the benefits of participating in the interview
outweighed any burdens.

D. Limitations

As with any case study analysis, the analysis we present
in this paper cannot be generalized to a broad population or
wide variety of contexts. Instead, we provide detailed
contextual information such that readers can determine
how the results from this case study may or may not apply
to their own contexts. We also cannot necessarily general-
ize the results of this analysis to the entire course. Out of a
total enrollment of 60 students, we had 28 post E-CLASS
responses, 22 closed-responses to the remote lab survey
questions, 16 open-responses, and 3 interviews; we do not
know how representative this sample is of the whole course.
However, regardless of the generalizability to the whole
course, we do find it important and valuable to document
individual students’ experiences, noting that other students
may have had different experiences. The low response rate
to the standard E-CLASS is typical for this particular
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course. Over the last three years, the response rate on the
post-instruction E-CLASS (end of the spring quarter)
ranged from 27% to 53%. Thus, the low response rate
in the Spring 2020 quarter is likely not a result of just the
emergency remote instruction situation.
Another limitation of this study, as mentioned in the

prior section, is that some students may not have had the
time, energy, or resources (e.g., good internet connection)
to fill out an online survey or participate in an interview due
to the constraints and stresses of the pandemic or otherwise.
We worry about whose perspectives are effectively being
excluded from this research because of the disproportional
burden of the pandemic they may have been carrying. In
making conclusions from our analysis, we remain cogni-
zant of this fact and focus on the experiences of the
individuals who were able to share them, noting that others
may have had different experiences. This is a limitation of
the study, and of conducting education research during a
pandemic in general.

IV. COURSE CONTEXT

The case we report on here is from a selective, private,
multiracial, Ph.D. granting institution in the United States
that operates on a quarter system. The physics department
employs a three-person staff who are in charge of running
the instructional laboratories (developing curriculum,
setting up and maintaining apparatus, and coordinating
with faculty assigned to teach courses with a lab compo-
nent). The course that we analyze for this case study
is the third quarter of a three-quarter advanced lab
sequence, all of which are taught primarily by the lab
staff. Additionally, there are six graduate teaching assist-
ants (TAs) selected to help guide the students through
their experiments in this course. The course typically
enrolls 60 junior physics majors.
Historically (pre-2020), the course included traditional

guided labs; students worked in groups to conduct three
different experiments each quarter, each of which entailed
working through a detailed, prescriptive lab instruction
manual. In the Spring 2020 quarter, along with most
physics courses across the United States and the world,
instructors had to quickly adapt this course to be offered
remotely due to the COVID-19 pandemic. The transition to
emergency remote teaching occurred in between the winter
and spring terms. Instructors had approximately two and a
half weeks to adapt course materials and make arrange-
ments for a remote version of the course. The spring quarter
was shortened by one week, from 10 weeks to 9 weeks.
Over the last few years, the lab staff at this institution

have been redesigning all of the laboratory curricula to be
more in line with research-based pedagogy, beginning with
the introductory lab courses. As of the 2019–2020 aca-
demic year, they had not yet made any major changes to the
advanced lab course, which had been operating in the
traditional guided lab format for around 50 years. In March

2020, faced with the challenge of adapting all of the lab
courses to be taught remotely, the instructors significantly
modified both the goals and structure of the advanced lab
course. Joel described using the transition to emergency
remote teaching as an opportunity to try something that
they would not otherwise have been able to do in a normal
quarter due to local departmental constraints.
In the remote version of the course, students worked in

groups of three on two four-week-long projects. The
course was entirely asynchronous except for weekly
meetings that each group of students had with a graduate
TA and instructor (i.e., there were no lecture components
or whole-class sessions, which are not present in the in-
person version of the course either). In preparation for the
spring term, instructors identified six different projects
that would be amenable to remote operation (e.g., an
experiment centered around aligning optics did not meet
the criteria of being amenable to remote operation). Each
of the six projects used equipment that students were
already familiar with from experiments they had con-
ducted in the prior two quarters. Some projects had
students do a deeper investigation of an experiment they
had done before, while others involved doing a new
experiment with equipment they were already famil-
iar with.
An example of a project that was a deeper investigation

of a previous experiment was a laser optics experiment
doing Doppler-free saturated absorption spectroscopy with
rubidium. When students conduct this experiment in the
first two quarters of the course, they all get results with
systematic error, but do not have time to explore the reasons
for that error. The remote project offered students an
opportunity to more deeply investigate sources of system-
atic error in this experiment. As a starting point, instructors
gave students a couple of suggestions for things to
investigate (energy calibration and detector response)
and students had to come up with ways to minimize the
systematic error.
An example of a project that involved a new experiment

with familiar equipment was a total cross-section meas-
urement for Compton scattering. Many students had
previously completed a standard Compton scattering
experiment in which they measured scattered photon
energy as a function of angle. A more sophisticated version
of that experiment, typically used in graduate lab courses at
this institution, is a Klein-Nishina total scattering cross-
section measurement, which involves taking into account
the incident flux on the scatterer, the geometry of the
scatterer, and the detector efficiency as a function of energy.
The instructors simplified a few aspects of this more
sophisticated experiment and used it as one of the remote
projects. Other projects included a thermal neutron study
experiment, single photon interference experiment,
Mossbauer spectroscopy, and a measurement of the cross
section of gamma rays for aluminum.
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In contrast to the traditional guided labs students had
experienced in the first two quarters of the course, these
projects were much more open ended. Groups of students
were assigned a project based on the experiments and
equipment the students were familiar with from the prior
quarters. Instructors defined the overall experimental prob-
lem or question (e.g., investigate sources of systematic
error), and it was up to students to determine how they
would go about solving that problem. Each group used a
Wiki to facilitate collaboration and document their progress
and experimental designs. Some groups also supplemented
this with a Slack channel used for group conversations. In
order to complete their projects, students could design
experiments and submit data collection requests via a page
on their Wiki. Instructors would then go into the lab in-
person and collect the data requested by the students. Since
instructors had to navigate public health restrictions, there
was a two-week period in the middle of each project period
in which they were able to collect data. Students were able
to submit multiple requests for data within that time (i.e.,
collect initial data, analyze it, make changes to the
procedure or data collection request, and collect more
data). In the weekly group meetings, TAs and instructors
would provide guidance to students, allowing them to
explore and determine their own procedures and analysis
methods, but not letting them get stuck “spinning their
wheels” for too long. At the end of each project, each
student wrote an individual lab report, which focused on
discussing the students’ decision making as opposed to
discussing why the results were as expected, as the students
had done for lab reports in prior quarters.
The other component of the course (in addition to the

two four-week-long projects) was a Physical Review
Letters style article the students wrote about an experiment
they had conducted in a prior quarter. Instructors had been
planning to include this new element since the beginning of
the Fall 2019 term (i.e., it was not a result of the transition
to remote teaching), and it replaced oral presentations that
used to be included in the course. In the fall and winter
quarters, instructors talked with students about the differ-
ence between journal articles and lab reports and formed
small journal clubs in which students read scientific papers
and talked about what they liked and did not like about the
writing, key elements of a good journal article, etc. In the
spring quarter, students selected an experiment they had
completed in a prior quarter, wrote a first draft, engaged in a
peer-review process in which every student reviewed two
other papers, and then turned in a final draft along with a
one page summary of how they addressed reviewer com-
ments. The students relied heavily on the peer-review
comments to help them craft their final papers, as the
instructors only had time to read and provide feedback on
the final drafts. Joel commented that the implementation of
this writing and peer-review process was no different than it
would have been had the course operated in person.

V. COURSE GOALS

The instructional team viewed the transition to remote
teaching as an opportunity to transform the advanced lab
course to be more in line with research-based practices,
something they had been wanting to do for several years,
but had not yet had the time or departmental consensus to
accomplish. Despite the stressful circumstances and short
timescale with which they had to prepare a remote course,
Joel described feeling excited at having the freedom to
modify the course as they wished. He said,

“we regarded this as an opportunity to try something
totally off the wall that sounded great on paper, but
would never have flown in a normal quarter…we felt
actually no stress or pressure over this whole thing. It
was actually liberating because everybody understood
we have to try something new anyway, so we thought,
part of it was, you know, how would we like this course
to work ideally? And try to incorporate some of those
things. So from that point of view I think this turned into
a way to explore alternative methods of running the
course that was successful enough that we’re going to
keep a lot of it.”

In the interview, Joel articulated four main goals that the
instructional team had for students in the course: (a) col-
laborate as a group to solve a problem, (b) figure out their
own path to work through the problem, (c) experience the
iterative nature of experimental physics, and (d) move away
from the mindset of striving to achieve a particular result.
Though the past versions of the course involved working in
groups, the nature of the group work was significantly
different in the remote version of the course—rather than
working together through a detailed lab manual to achieve a
specific result, students now had to collaborate on design-
ing experiments and procedures and choosing analysis
methods in a situation that did not have one correct answer
or method. As we discuss in the results below, students also
picked up on this fundamentally different emphasis on
collaboration.
Regarding the iterative nature of experimental physics,

Joel explained in the interview that a physicist typically
does not go into the lab knowing exactly what measurement
they need. Instructors expected students to have multiple
requests for data within each project; they wanted students
to collect data, work with it, gain some insight about the
experiment or the problem, and then refine their under-
standing of the data they needed, and collect more. Joel
said, “this iterative process, which is the way real exper-
imental science works…was one of our primary goals for
the course, because [students] don’t get that experience in
the traditional format.”
Lastly, the instructor explained that it was difficult to get

students out of the mode of thinking that there was a
particular answer they were looking for in each project,
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especially after they had completed two quarters of the
traditional format of the course in which the labs were quite
prescriptive. The instructional team hoped to guide students
away from looking for a particular answer and toward a
more authentic engagement with experimental physics.
Students’ grades for the projects were not dependent on
a particular result that they achieved, and TAs and instruc-
tors coached students to write their lab reports in a style that
emphasized their own decision making rather than proving
to the grader that they did the experiment correctly and got
the right number.

VI. STUDENT PERSPECTIVES

The overall student feedback on this course was positive.
As shown in Table I, 63% of students (out of the 22 that
responded to the remote lab survey questions) agreed or
strongly agreed with the statement, “I liked the remote lab
class,” and only 2 students disagreed. Further, in the open-
response questions a few students commented that the
model used for the remote course was beneficial and should
be continued when courses return to be offered in person.
For example, in response to the question about how the
remote course impacted their learning, one student
wrote, “I think I got a lot out of this quarter. I don’t think
it negatively impacted my learning.” Another student
commented,

“I think there were things about the remote quarter that
were better than the in-person quarters. I believe this
model for the class should be adapted to the in-person
setting and replace the normal third quarter.”

This general positive sentiment about the course was
unexpected given the stressful and unusual circumstances
in which students were being asked to learn experimental
physics remotely. In a sample of 2272 students from 49 lab

courses during Spring 2020, the mean on the “I liked
the remote lab class” statement was 0.788 when we
collapsed to a three-point scale and assigned Disagree¼0,
Neutral ¼ 1, and Agree ¼ 2 (σ ¼ 0.86, SE ¼ 0.018). For
our specific course, on a three-point scale, the mean
for this item was 1.52 (σ ¼ 0.68, SE ¼ 0.15). These
results, along with students’ comments on the open-
response questions, motivated us to look more in depth
at this course in the form of a case study analysis to
investigate the specific aspects of the course that students
liked and achieve a more in-depth understanding of their
experiences.
Below, we present the results within four main themes

that emerged from our coding analysis of open responses:
open-ended structure of projects, collaboration, no hands-
on work, and workload and stress. Within each theme,
we triangulate the results of three data sources from
students—closed responses, open responses, and inter-
views—presenting our analysis and discussion of the three
data sources together. Table I presents the data from the
closed-response questions that we include in this analysis.
The codebook for the open-responses is presented in the
Appendix and in the following sections.

A. Open-ended structure of projects

The central feature of the remote version of this course
was the open-ended structure of the projects, which
provided a striking contrast to the prior two quarters that
centered around traditional prescriptive labs. In this section,
we present and discuss results on how students engaged
with the projects, the benefits of the open-ended structure
that students report, and then briefly mention connections
to other themes that will be discussed in subsequent
sections.
The open-ended structure of the projects provided

students opportunities to make their own decisions regard-
ing their experiments. They report positive experiences in

TABLE I. Responses to a subset of the Likert scale items about the remote lab course administered at the end of the E-CLASS. We
present the percentage of students that answered each item with strongly disagree, disagree, neutral, agree, or strongly agree. N ¼ 22,
though some questions only had 21 responses. Numbers are rounded to the nearest percent.

Survey item
Strongly
disagree Disagree Neutral Agree

Strongly
agree

Rate how much you agree with the statement, “I liked the remote
lab class.”

5% 5% 27% 45% 18%

Compared to in person labs, remote labs were better at…
…enabling me to design a procedure (i.e., choosing what I would
do or what question I would answer).

0% 0% 10% 33% 57%

…enabling me to choose which tools/materials to use to
complete coursework.

5% 24% 38% 19% 14%

…enabling me to work at my own pace. 0% 23% 14% 50% 14%
…enabling more productive collaborations with my classmates. 18% 18% 27% 18% 18%
…enabling more enjoyable collaborations with my classmates. 23% 23% 27% 23% 5%
…helping me learn laboratory skills. 23% 55% 14% 9% 0%
…providing clear expectations for completing coursework. 9% 45% 41% 5% 0%
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the course due to this open endedness, which they describe
as being beneficial and enjoyable. As shown in Table I,
90% of students who responded to the closed-form remote
lab survey questions agreed or strongly agreed that the
remote lab was better than the in-person lab at enabling
them to design a procedure. No one disagreed with this
statement. In the in-person course in which students
followed detailed lab manuals, there was likely little to
no opportunity for students to design their own procedures.
In contrast, the remote projects required students to come
up with their own ideas and methods to achieve the overall
experimental objective set by the instructor.
In addition to being afforded the opportunity to design

their own experiments and procedures, some students also
had the chance to choose what tools and/or materials they
would use. In response to the statement that the remote lab
course better enabled students to choose which tools and
materials to use in order to complete coursework, students’
responses were roughly evenly distributed across disagree,
neutral, and agree (Table I). We suspect that this depended
on the specific projects students worked on. For some
projects, the instructors determined ahead of time which
equipment students would use and students had to decide
how they wanted to use it or what data to collect. For other
projects, students may have had to make some decisions
about apparatus or data analysis methods to use.
The most common thing students talked about regarding

the open-ended projects was that they appreciated the
opportunity to design their own experiments. In the coding
analysis of the open response data, the most prevalent code
was liked experimental design (10 out of 16 students). This
code was applied when a student directly mentioned
designing their own experiments or procedures or talked
about specific aspects of experimental design, including
choosing what data to collect. All of the instances of
students talking about experimental design were positive—
they spoke about this aspect of the course as their favorite
aspect, something they enjoyed, and/or something that was
beneficial for their learning. For example, one student
wrote, “It was interesting and useful to think about design-
ing experiments rather than just following a pre-established
procedure.” Further, two students spontaneously noted in
their responses that the remote course had an explicit
emphasis on experimental design (experimental design
emphasized in course code), aligned with the instructor’s
stated goal of having students figure out their own method
of addressing the experimental problem or question.
Affective outcomes are often explicit goals of lab courses

[34], and especially in the stressful circumstances of Spring
2020 the fact that many students reported enjoying the
chance to engage in experimental design (and enjoying the
course overall) is one major success of the transition to
more open-ended projects in this remote course. All three
interview participants said their favorite aspect of the
course was the independence that the open-ended projects

afforded them. They said they liked the flexibility and
having the opportunity to ask and answer their own
questions rather than having to follow specific instructions.
For example, in describing why the open-ended structure of
the projects was his favorite aspect of the course, Samuel
said in the interview, “it felt like I was doing a lot more, like
it was actually me thinking through a problem as opposed
to just being told to take some data, which I thought was
more engaging.”
Samuel’s sentiment is aligned with the critical thinking

required code from the open-response coding analysis.
Four students in the open-response dataset talked about
how the open-ended structure of projects required them to
engage in critical thinking or to think independently and
deeply about their experiments, which they saw as positive
or beneficial. For example, one student wrote,

“I also learned to think more about experimental
procedures since we have to give the data collection
instructions to the lab staffs, which pushes me to think
deeper about the experiments and how to achieve our
goals through these experiments.”

The open-ended structure of the projects afforded stu-
dents opportunities to feel a sense of agency in the class,
through designing their own procedures and experiments,
thinking independently about the experiments, and figuring
out how to solve a problem that did not necessarily have a
single correct or known solution, all things that students
describe as being positive aspects contributing to their
enjoyment of the course. In the interview, Mei described
being able to explore things she was interested in within the
structure provided by instructors, and being able to ask and
answer her own questions. She said,

“I personally really enjoyed the process because…I felt
like we were given more flexibility, like we weren’t given
specific instructions…instead of that we were given a
topic [and] we were told we could like explore things we
were interested in. We had like a general guideline, but I
think we were able to pick, well it depends on the
projects, but for one of the projects I felt like I was able
to try to ask my own questions and try to move forward
and try to answer my own questions and come up with
ways to address the problem.”

Thus, the combination of structure and guidance provided
by instructors with the flexibility for students to determine
and pursue their own questions worked well for Mei. One
other student in the open response dataset commented that
the course had a “good balance between open-endedness
and structure” (good balance between open-ended and
structure code). This is aligned with research on student
ownership that talks about the importance of striking a
balance between instructor support and student con-
trol [27,35].
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In the case of Mei, this opportunity for agency and
balance between instructor guidance and freedom to
explore also had positive impacts on her sense of identity
as a physicist. At the time of the interview, Mei had been
working in a high energy lab for two years and said the
open-ended projects in the remote course, with opportu-
nities to ask her own questions and explore what she was
interested in, felt similar to actual research. She contrasted
this with the prior in-person quarters in which they
followed manuals and had to answer specific questions,
an approach which she said laid a good foundation for the
third quarter, but was not as fun as the open-ended projects
that offered more flexibility. Mei explained that her
experience engaging in the open-ended projects during
the remote quarter impacted the way she plans to approach
her research going forward. She said,

“I guess it gives me more confidence in doing my own
research…after that process [of doing the projects in the
spring quarter class] I felt more capable of coming up
with my own questions and developing ways to solve the
problems. Because before that [in my research group] I
was mainly given a task and I was told to do this and do
that and use code to fix this problem. I didn’t have much
independence. And I’ve always thought I would like
more autonomy, but I also felt like is this task too
difficult for me to come up with some solutions? But
after spring quarter, first of all, I really enjoyed that
process where I discovered a problem and I figured out
ways to solve it and that also made me more confident in
my ability to do this again in real research.”

Another way in which the structure of the course
afforded opportunities for student agency was the longer
time-frame of projects and flexibility of the asynchronous
format. A majority of students agreed (or strongly agreed)
that the remote lab was better than the in-person course at
enabling them to work at their own pace (Table I). This is
aligned with results we have seen from remote physics lab
courses in general [1], and may simply be a result of the
asynchronous, remote nature of the course. It may, how-
ever, also be due to the open-ended nature of the projects.
Students had four weeks to complete each project, and a
two-week period in which to submit data collection
requests. Within that time, students had the freedom to
make progress at their own pace and define their own
schedule for working with their group. In some instances
however, when individual group members’schedules and
paces were not aligned, this freedom may have led to
frustrating group work experiences, as we discuss in
Sec. VI B below.
In addition to providing opportunities for student agency,

for some students the projects allowed more meaningful
social interactions. In the open-response dataset, one
student commented that because of the open-ended nature
of the project, they were able to “engage more

meaningfully with my group members as well as the lab
staff” (allowed more meaningful interactions code). We
discuss this collaboration aspect further in the following
section.

B. Collaboration

Students in our dataset had mixed experiences with
collaboration in the remote course. Some students reported
positive and meaningful group work experiences, while
others cited the remote collaboration as a source of
frustration or stress. In response to the statements that
the remote course was better at enabling productive or
enjoyable collaborations than the in-person course, student
responses were roughly evenly distributed across disagree,
neutral, and agree (Table I). This is consistent with the mix
of experiences students shared with us in open-response
questions and interviews, including developing skills for
productive collaboration, experiencing group work as help-
ful or enjoyable, experiencing frustration with remote
collaboration, and encountering challenges with unrespon-
sive group members and unproductive collaboration.
In the open-response questions, two students recognized

and commented on the fact that the remote course had an
explicit emphasis on collaboration (collaboration empha-
sized in course code). While students had worked in groups
in the in-person quarters, the nature of the collaboration
was fundamentally different now that they had to determine
their own experimental procedures, decide what data to
collect, and solve a problem as a group. Samuel also
commented on this in the interview, saying that the remote
course was more group-oriented whereas the in-person
version of the course had been more individual oriented. He
explained that in the in-person course the purpose of group
work was mainly to have multiple people working on the
apparatus, but it was not necessarily collaborative because
everyone just did their own individual final report. In
contrast, he perceived group work to be a specific goal of
the remote course. When asked what he thought students
should take away from this course, Samuel talked about
how one of the main goals of the course was to learn how to
work in a research group, including communicating and
collaborating with peers. He explains,

“The spring was much more like, this is how potentially
working in a research group might be like…you need to
request data, you have to communicate in a group, you
have to divide work, etc. And so it felt like the spring was
much more focused on like providing you a simulacrum
of what working in a research group is like, and helping
you learn about these ideas and these structures and
how you can operate in that space.”

Similar to Samuel, other students also recognized that
productive collaboration is an important skill to learn. In
her interview, Amy mentioned that remote collaboration is
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a realistic practice of scientists (e.g., working with large
international collaborations) and commented that it was a
good thing to learn and practice in this course. Two other
students in the open responses said that this course helped
them learn important skills for productive collaboration
(learned how to collaborate productively code). For exam-
ple, one student wrote,

“One of the skills that I learned is how to work with a
group on a project and making sure every member does
his/her part so that the group can move forward. It takes
some honest, transparent and proactive conversations/
approaches, which I have learned to develop somehow
in this term.”

In the closed-response data, roughly a third of respon-
dents said that the remote course was better at enabling
them to have enjoyable or productive collaborations. In the
open-response data, two students wrote about collaboration
as being a helpful or enjoyable aspect of the course
(collaboration was helpful or enjoyable code). One of
those students was Samuel, who in response to the question
about how the remote course impacted his learning said,
“I had more discussion with my group mates and hearing
their thoughts and ideas was helpful for understanding
complex issues.” In the interview, he reiterated that he
personally had a positive group work experience, though he
did hear stories from friends in the course who did not have
such positive experiences with their groups.
Samuel explained that while his group work experience

was positive, the main difficulty he encountered with
remote collaboration was scheduling group meetings across
multiple time zones. Several other students made similar
comments in the open-response questions. The missed in-
person interaction code, applied to seven students, encom-
passes statements about how remote collaboration was
challenging (e.g., coordinating across time zones) or not as
good as in-person interaction. This code does not neces-
sarily mean that students had negative group work expe-
riences, just that remote collaboration was more difficult or
less enjoyable than in-person collaborations would have
been. The two main things that students said they missed
about the in-person lab course were face-to-face inter-
actions with people and working in the lab with physical
equipment (the latter is discussed in Sec. VI C).
Beyond the challenges of adapting to remote collabora-

tion and not having access to peers and instructors in
person, five students described negative group work expe-
riences (negative group work experience code). Some
students generally reported that the biggest challenge of
the course was dealing with their group members, e.g.,
because they were unresponsive. One student mentioned
unequal division of work and low accountability: “I also
think that our first group did not divide work equally. Our
second round did better, but I still felt like there was a low
accountability for group participation.” In the interview,

Amy also described variation between groups. She said her
first group was “fine,” but the second group was unre-
sponsive, which led to her doing most of the work. Thus,
she characterized her experience with remote collaboration
overall as frustrating. Amy explained that the group work
would probably have been less frustrating if they had been
able to select their own groups, though she did appreciate
being able to meet and work with new people.
Some students explicitly acknowledged the stressful

pandemic circumstances in which they were working,
and spoke to how that impacted or aggravated the chal-
lenges they faced with remote collaboration. One stu-
dent wrote,

“Working with groupmates remotely can be quite hard
sometimes because when it comes to data analysis, we
divided the work among all of us. So, when someone
doesn’t do his/her work, this affects the group’s ability
to move forward to do other things. It is understandable
that it is a hard time for everybody (e.g., pandemic,
other courses’workload), so it was also hard to push a
groupmate to complete her part quickly. Thus, it could
be quite an uncomfortable situation when a group
member is falling behind. This didn’t happen in previous
in-lab courses because every individual does his/her
own data analysis.”

Collaborative situations that require students to depend on
one another, such as that presented by the open-ended
projects, can lead to tensions between dependence and
independence among individual group members, hamper-
ing productive group work [36]. In some groups, these
tensions may have been exacerbated by the remote modal-
ity and the challenging circumstances students were
experiencing.
Overall in the dataset, we see a range of experiences

around group work and collaboration. Consistent with this
variation, in the interview Mei described having “drasti-
cally different experiences” between her two projects. She
said her first group worked well together, and as a result she
enjoyed the first project—one group member was espe-
cially organized, the group divided up the work equally,
they were excited to share results with each other, and in
general they did not encounter any problems. In contrast,
her second group worked more individually, and the project
was not as collaborative or fun. Mei explains that this was
likely due to the nature of the particular project. Compared
to the first project, she said that for the second one the
instructors provided more instructions and indicated how
the work should be broken up into three distinct parts. As a
result, each group member worked individually on one part
of the project and there was not much opportunity for
meaningful or positive collaboration. We find that there was
large variation in students’ remote collaboration experi-
ences depending on the individuals in the group, the
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specific project, and the extenuating circumstances of the
pandemic and how that was impacting various individuals.

C. No hands-on work

In both the open responses and interviews, some students
said they did not necessarily miss anything about the in-
person course and preferred the model with the more open-
ended projects to the traditional lab format. However, the
most common thing that students said they did miss was the
ability to be in the lab working hands-on with equipment.
In response to the open-response question about what they
missed about the in-person course, seven students talked
about missing being able to work with equipment, collect
data, or conduct the experiment themselves (missed work-
ing with equipment code). One student explained that not
being in the lab in-person made it harder to understand
aspects of the experiment, like how the apparatus works or
how to take measurements (harder to understand experi-
ments code).
This result is in line with what we expected given the

circumstances of the rapid transition to remote teaching and
learning. In an initial study of remote physics lab courses in
Spring 2020, we found that having hands-on work similar
to a normal mode of operation in an in-person lab course
was a common motivation for lab instructors, and was one
of the biggest challenges that both instructors and students
reported facing [1]. While many introductory lab courses
found ways to incorporate hands-on activities by having
students use materials from home or sending them lab kits,
it was more difficult to do so in a short amount of time for
advanced lab courses that require more advanced apparatus.
On the closed-form survey questions, 78% of students

disagreed or strongly disagreed that the remote course was
better at helping them learn laboratory skills, while only 9%
agreed. That is, students did not feel like they learned
laboratory skills as much in the remote version of the
course as they had in the prior in-person quarters. In
contrast, Joel reported on the instructor survey that, in the
transition from in-person to remote teaching, the goals of
the course shifted from a combination of developing lab
skills and reinforcing physics concepts to primarily focus
on developing lab skills. Although it is possible that the
instructor’s goal of developing lab skills was not achieved
in the remote version of the lab, another explanation for the
inconsistency between the students’ perspective and the
instructor’s may be that students consider “laboratory
skills” to mean working hands-on with apparatus. They
reported that, in the remote version of the course, they were
not offered the opportunity to practice setting up, trouble-
shooting, or working with physical equipment. To an
expert, laboratory skills often encompass a wide range
of things like experimental design, modeling, collaborat-
ing, etc., which students may not consider as lab skills.
Not all students missed working with equipment in-

person. In the interviews, Mei and Amy both explicitly said

they did not miss working with equipment in the lab. Amy
actually described this shift as a welcome change because
she “despises troubleshooting” and was happy to have
someone else collect data for her that she could then
work with.

D. Workload and stress

Across all three data sources (closed-responses, open-
responses, and interviews), students’ reactions to the new
format of open-ended projects was overwhelmingly pos-
itive. However, for some, despite the benefits of the open-
ended structure of projects, they also presented additional
challenges because there was a high workload and the
expectations were not always clear.
The fourth main theme that emerged from the data

analysis only has one code: workload and stress. Though
many students enjoyed the remote lab course, some also
said the workload was overwhelming, which made the
course stressful. This workload and stress code applies to
students who talked about the course as being overwhelm-
ing, too much work, or stressful. In this vein, some students
also mentioned that the expectations for the course were
unclear, which contributed to the stress and the over-
whelming workload. This code was applied to five stu-
dents’ responses in the open-response dataset. Students
described the workload as being overwhelming because
there were sometimes multiple assignments due at once
(e.g., the first project report and a first draft of the journal
article) or because they were unclear about what they
needed to do and when.
In response to the statement that the remote lab coursewas

better at providing clear expectations than the in-person
course, 54% of respondents disagreed or strongly disagreed
and 41% responded neutrally. This result is aligned with
results we see from remote lab courses in general in Spring
2020 [1]. As evidenced in the students’ open responses,
these unclear expectations were in part resulting from the
fact that the students had never done open-ended projects
like this before. One student wrote, “since the projects and
work we were submitting were so different from the in-
person portion, knowing the expectations was difficult.”
Even in an in-person course, we might expect that making
this switch from traditional prescriptive labs one quarter to
more open-ended projects the next quarter would result in
confusion or uncertainty among students in terms of the
expectations for course work. In fact, some instructors have
previously reported employing metacognitive activities in
an in-person advanced lab course in order to help students
transition to open-ended lab work and to normalize the
frustrations of conducting such open-ended projects [37].
Additionally, the unclear expectations reported by students
in this coursewere likely also a result of the chaos of quickly
transitioning to remote teaching. With only a couple weeks
to prepare for the course, instructors were required to learn
and adapt in-the-moment.
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In response to the open-response question about how the
remote lab instruction impacted their learning, Amy wrote,

“The class was, on the whole, extremely stressful and an
enormous time commitment; I enjoyed the material
covered and the projects themselves, but in addition
to all of my other schoolwork, the workload was
overwhelming.”

She expanded on this in the interview and said that the first
half of the course was rough, but that it gradually got better
because instructors asked for feedback on a mid-term
survey and tried to adjust in response to students’ concerns
and challenges. This fits with the instructor perspective of
the course as well, discussed in the following section.
Both instructors and students were navigating the new

territory of what it means to teach and learn remotely, in
addition to the new open-ended structure of projects. In
addition to the stresses and trauma from the global
pandemic, this resulted in some students feeling stressed
and overwhelmed with their coursework. Instructors were
attentive to this situation and lenient in their grading, which
at least some students noticed and appreciated. In the
interview, Mei said that the instructors were understanding
and let the students submit work late, which she
appreciated.

VII. ADDITIONAL OUTCOMES

One way to assess the impact of a lab course is to look at
how students’ views about experimental physics change by
looking at the pre-post shifts in students’ E-CLASS scores.
Instructors who administer the E-CLASS in their course
typically do so as a way to assess, and improve upon, their
lab courses. The course in our case study has administered
the E-CLASS for many years, and they do so with the
presurvey given at the beginning of the fall quarter and the
post-survey given at the end of the spring quarter (rather
than a pre- and postsurvey each quarter). Thus, any shifts in
E-CLASS scores from pre to post represent shifts in
students’ attitudes about experimental physics over the
course of the year-long advanced lab sequence. In the
2019–2020 academic year, the mean prescore was 16.81
(SE ¼ 1.50), on a scale of −30 to 30, and the mean post-
score was 20.63 (SE ¼ 1.31). This pre-post shift is not
statistically significantly different than that in the prior two
years. Using the Mann-Whitney U test to compare the
pre-post shift in the 2019–2020 academic year to the 2018–
2019 and 2017–2018 academic years, we find p ¼ 0.86,
r ¼ −0.02 and p ¼ 0.34, r ¼ −0.16, respectively, and for
both effect sizes the 95% confidence interval overlaps with
zero. Thus, we conclude that the shift in E-CLASS score in
2019–2020 was no different than in prior years, noting that
the sample sizes are small. This is contrary to past work
which has suggested that open-ended labs serve to increase
E-CLASS score compared to traditional, guided laboratory

activities [38]. However, since two thirds of the coursework
in that time was the traditional in-person format and only
one third was the new remote format with open-ended
projects, we might not expect to detect any differences in
students’ views due to the open-ended projects in the total
E-CLASS score, because it takes time and reflection for
students’ epistemologies to develop [39]. It is, however,
encouraging that the scores did not significantly decline
after the remote quarter. This aligns with results we have
reported for a sample of introductory lab courses during the
pandemic [4].
Of the four main course goals (see Sec. V), only one of

them is specifically addressed by an E-CLASS item. The
course goal of moving away from the mindset of trying to
attain a particular result lines up with the item ‘The primary
purpose of doing a physics experiment is to confirm
previously known results’ (with an expertlike response
of disagree.) In the 2019–2020 academic year, students in
this course shifted to be more expertlike on this item, from
48% of students aligned with the expertlike response on the
presurvey to 67% on the postsurvey. This differs from the
prior two years of the course in which there was no shift or
a slight downward shift on this item (it remained at 55% in
2017–2018 and shifted from 77% down to 73% 2018–
2019). This positive result highlights the benefits of the
open-ended structure of projects even in an emergency
remote teaching situation, and is directly aligned with one
of the major course goals and with the lab work that
students engaged in (i.e., in the projects they conducted
there was no particular answer or result they were looking
to confirm). A similar result on this one E-CLASS item has
also been seen across multiple introductory lab courses
during the pandemic [4].

VIII. INSTRUCTOR PERSPECTIVES

In addition to documenting students’ experiences in the
course and looking at E-CLASS results, we can understand
the remote lab course by investigating the instructor’s
perspective on successes and challenges that they faced.
On the instructor survey, Joel reported a high level of
student engagement in the course and cited this as a
measure of success for the course. He wrote,

“The level of student engagement was much higher in
the remote format. Students were much more engaged in
problem solving and making meaningful decisions about
what to do and how to do it.”

In the interview, he expanded on this perception and
attributed the high level of engagement to the open-ended
structure of the projects. He said that it was clear that
students were more invested in the course because they
were thinking about the experiments and choosing what to
do, whereas in the traditional in-person format, students
just wanted to get the right answer so they could leave the
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lab to work on other coursework. Joel observed that,
compared to the traditional labs, with the open-ended
projects, students were more satisfied when something
worked and when something did not work they were
invested in trying to figure it out. This is aligned with
Samuel’s experience as he described the open-ended
projects as being more engaging (discussed in Sec. VI A).
Additionally, Joel said that interactions between instructors
and students were “much more like a partnership on a
project,” where conversations were more meaningful
instead of the typical in-person conversations about clar-
ifying instructions in a lab manual or helping students get a
signal on an oscilloscope. He said that students seemed to
respond to this structure much better, and were invested in
pursuing their own ideas.
Although the implementation of the new open-ended

projects was very successful, there were, of course,
challenges that the instructors had to overcome in order
to achieve such high level of student engagement. In
general, there were many challenges that physics lab
instructors across the country faced in the transition to
remote teaching [1], including technological constraints
and students not having access to experimental apparatus.
Joel described these challenges, and said with more
preparation time they could have set up some of the
experiments for students to control remotely, rather than
needing to rely on instructors going in to the lab and collect
data. Beyond these issues, Joel wrote on the survey,

“The biggest challenge was the inability to test our ideas
before hand. We had to do a lot of evaluation and
modification in the first few weeks as we saw what
worked well and what didn’t.”

In Secs. VI B and VI D above, we presented experiences
that students shared around being overwhelmed and
unclear about course expectations or having unproductive
group work situations. The instructors heard these concerns
during the course and tried to make appropriate modifica-
tions. In the interview, Joel said that he felt bad because the
instructors had misjudged the time required to complete
coursework and students ended up having more work than
they had intended. Though from his interactions with
students, Joel got the sense that the students were not
too upset about the workload because the course overall
was more intellectually stimulating than the prior quarters.
This situation of an unintended high workload is aligned
with recent research on students’ experiences in synchro-
nous versus asynchronous remote physics courses in which
students who participated asynchronously reported needing
to spend more time on coursework [40].
The major modification the instructors made to the

course structure between the first and second projects
was around the collaboration aspect. Whereas in the first
project, they left it completely up to students to schedule

meetings with one another and with instructors, for the
second project, weekly group meetings were required and
more structured. Groups would meet with a TA and
instructor and each individual student was expected to
provide an update on what they had worked on that week,
akin to weekly group meetings that might take place in a
research group. This additional structure around group
meetings was intended to help mitigate some of the issues
students were experiencing with frustrating or unproductive
group work situations.
A testament to the success of this new remote version of

the course, Joel reports that the instructional team plans to
continue the open-ended projects in future remote and in-
person implementations of the course. On the survey
he wrote,

“For our institution the positives of what we tried out
weighed the negatives. While we would not choose to
run the course in the [remote] manner we did, future
iterations of the course are likely to more closely
resemble what we did this quarter than how they were
previously done.”

Thus, in this case, the transition to emergency remote
teaching facilitated a larger scale and possibly longer-term
transformation of the underlying goals and structure of the
advanced lab course.
We conducted the instructor interview immediately after

the completion of the spring quarter. At this time, Joel
explained that they were faced with the challenge of how to
implement the course in the Fall 2020 quarter, which would
again be taught remotely. He described that a major benefit
for the spring remote quarter was that students had all
completed two quarters of the in-person course, thus
gaining experience and familiarity with the experiments
and equipment. Because each student had conducted a
handful of the experiments in-person and was familiar with
the equipment, they were able to jump into the remote
projects, using what they knew about the equipment to
request data for the instructors to collect. At least one
student also noted the benefit of having in-person experi-
ence prior to the remote course. As part of their answer
about their favorite aspect of the course, they wrote,

“I think I got a lot out of taking one quarter of a
“complete this collection of tasks” lab class, but the
second quarter felt repetitive, and I don’t believe the
second quarter of [the course] helped me to better
communicate ideas or conduct experiments. I think the
remote quarter was a refreshing change of pace.”

At the time we interviewed Joel, he was not yet sure how
they were going to accomplish something similar with the
first quarter of the year-long series being remote, though he
viewed it as a challenge that he and the other instructors
were excited to tackle.
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In a subsequent round of data collection as part of an
ongoing study, we administered another instructor survey
after the Fall 2020 term. One of the instructors from this
course responded and provided an update as to how they
ended up running the course. In the Fall 2020 quarter, the
class was again entirely remote and operated in a similar
manner to the Spring 2020 quarter described in this paper.
Students worked in groups of three on two four-week-long
projects; they used a Wiki page to collaborate on the
projects and each student wrote an individual report at the
end of the project. For the first project, all students in
the course conducted the gamma cross-section experiment,
using a remote-access system to remotely operate the
physical apparatus in the lab. This setup allowed students
full control over the data collection process, rather than
having to submit data collection requests to instructors. For
the second project, groups did different experiments; most
of these projects involved having instructors go into the lab
to collect data that the students requested (just like in the
spring quarter), though one of the experiments did have a
remote access set up. In addition to the projects, students
participated in a journal club and answered questions about,
or wrote a summary of, scientific papers. On the Fall 2020
survey, the instructor reported that going forward when
courses return to an in-person modality they will likely
keep the longer timescale and more open-ended projects.
Additionally, they suggested that they may also maintain
the remote access option for some of the experiments so
that students can collect data from home outside of class
time in addition to physically collecting data in the lab.
Since this paper focuses on an analysis of the Spring

2020 implementation of the remote course, we do not have
further information from the instructors on successes and
challenges of the Fall 2020 remote quarter, nor do we have
data from students on their experiences in this course. It
would be interesting to follow up with both instructors and
students to see how the course, students’ learning, and
students’ experiences continue to evolve as the new course
goals and structure are refined for future in-person
implementations.

IX. IMPLICATIONS

The students’ experiences in this course that we have
documented here provide implications for in-person and
remote lab courses in the future: open-ended projects can
be beneficial and more enjoyable for students even when
not fully student-designed and even in a remote format,
it is possible to conduct some aspects of advanced labs
remotely, implementing successful group work may require
intentional and consistent attention, and it can be helpful for
instructors to make course goals and expectations clear for
students.
This case study demonstrates some of the possible

benefits of open-ended projects that provide opportunities
for students to think critically and make decisions about

their experiments. Courses that focus on these types of
projects can be more enjoyable for students, beneficial for
students’ learning about the process of experimental
physics, and can lead to high student engagement.
Though the benefits of open-ended lab activities and
student projects are well documented in the literature
[21–29], this case study demonstrates that even in a chaotic
and less than ideal emergency remote teaching context,
students can gain tremendous benefit from engaging in
open-ended projects.
There are a variety of ways to implement such open-

ended projects, in any lab course at any level. A common
format in advanced lab courses is to have multiweek
projects that are student-designed from beginning to end.
However, the course in this case study demonstrates that
advanced lab projects do not necessarily need to be fully
student-designed in order to be beneficial for students. In
this example, the instructors defined the overall project
topics and goals and provided guidance along the way.
Within that structure, students could explore their own
paths, think independently, and make decisions about their
experiments. In fact, one advantage to this type of guided
yet open-ended project is striking a balance between the
amount of agency students have and the amount of
instructor support they receive [35]. Further, instructors
of advanced lab courses may consider first providing
students with guidance on how to use a particular apparatus
(like students in this course received in the first two in-
person quarters) and then removing that scaffolding and
allowing students more freedom to explore and design their
own experiments or procedures using the same apparatus.
This case study also demonstrates that lab courses that

use advanced apparatus can be conducted remotely.
Though not ideal in the remote format, there were still
many benefits to students. With more time and advanced
planning, it is feasible to set up labs such that students can
remotely operate the equipment, as the instructors in our
case were able to do for the Fall 2020 remote course. This
has implications for expanding access to advanced physics
lab courses, for students who are not able to attend in-
person courses or who would benefit from being able to
collect data outside of regular class and lab hours.
This study also provides implications for group work in

both remote and in-person lab courses. Group work plays a
central role in many lab courses, and helping students
develop collaboration skills is often an explicit goal of
physics lab instruction [11,15]. Courses that feature col-
laborative open-ended projects present unique opportuni-
ties for students to develop these skills and experience the
collaborative nature of experimental physics. The student
experiences presented in this case study show that it is
possible for students to have productive and enjoyable
collaborative experiences, specifically around open-ended
projects, but it is not a given and we may need to attend to
the group work dynamics throughout the duration of the
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course to ensure all students are having this positive
experience [41,42].
Although group work comes with many benefits and is

recognized as important for developing vital skills within
physics and across many disciplines [11,19,43,44], it can
also be amajor source of conflict for students due to a variety
of factors such as perceptions that not all members are
working at equal levels or are equally committed to the
process (social loafing) [45–48] or difficulty with working
across differences among group members [47,48]. Remote
group work can often further compound these difficulties
[46,47]. Literature on group work in physics labs specifi-
cally suggests that we focus on promoting equitable col-
laborations by attending to division of labor (in terms of both
amount of work and type of work each groupmember does),
gendered roles, and making sure every student’s bids are
heard by their peers [49–51]. Instructors might also consider
the benefits and disadvantages of assigning groups versus
allowing students to self-assemble [52,53].
In this course, at least some students picked up on the

explicit foci on experimental design and collaboration in a
way that felt different from their prior in-person labs, and
they said they got this messaging directly from the
instructors and the way the course was structured.
Explicit framing and discussion around the goals and
purpose of group work in a course may help students learn
about the collaborative nature of experimental physics, get
in the mindset for conducting experiments that do not
necessarily have a right answer or method, and have
accurate expectations for the course.

X. CONCLUSIONS

We conducted a case study analysis of one advanced lab
course that transitioned from traditional prescriptive labs to
more open-ended four-week-long projects simultaneously
with the transition to remote teaching due to the COVID-19
pandemic. Triangulating across multiple data sources—
instructor survey responses, instructor interview, E-CLASS
results, student closed- and open-responses to remote lab
survey questions, and student interviews—we constructed
an in-depth understanding of the course (context, goals,
structure), students’ experiences with the open-ended
projects in the remote format, and the instructor’s perspec-
tives on successes and challenges. We identified four major
themes in our analysis: open-ended structure of projects,
collaboration, no hands-on work, and workload and stress.
From the students in our dataset, there was an over-

whelmingly positive response about the open-ended nature
of projects. Although we cannot necessarily generalize the
results of this analysis to the entire student experience in the
course (out of a total enrollment of 60 students, we had 3
student interviews, 22 closed responses to the remote lab
survey questions, and 16 open responses), for these
students, the open-ended structure afforded them oppor-
tunities to ask questions they were interested in, design

their own procedures, and think deeply about their experi-
ments. The instructor credits these opportunities for student
agency for the high student engagement observed in the
course, a result that is particularly impressive given the
emergency remote teaching context.
Students’experiences with remote collaboration were

mixed. Some students had meaningful and positive col-
laborations with their groups and felt that the course helped
them learn important skills related to collaboration, while
other students had negative group work experiences that
were a source of frustration and stress. In between those
two extremes, many students commented on the ways in
which remote collaboration was more difficult than in-
person collaboration (e.g., coordinating meetings across
time zones).
The main thing that these students missed about the in-

person course was being able to be in the lab and work
hands-on with equipment. While students were able to
design their own procedures, experiments, and analysis
methods and complete a project using advanced apparatus
by submitting data collection requests to instructors, they
were not able to physically work with, and troubleshoot,
the equipment.
Some students said the workload was too high and the

expectations for the course were unclear, which made the
course overwhelming and stressful. We believe this was the
result of both the rapid transition to emergency remote
teaching, as well as the transition from traditional pre-
scriptive labs to more open-ended projects. The instructors
attempted to correct for this in response to students’
concerns and feedback midway through the term. This
solicitation of, and acting on, feedback was appreciated by
students and is particularly important when implementing
major changes to a course.
This case study analysis demonstrates some of the

possible benefits of open-ended projects in physics lab
courses, even in a remote format, and offers an example of
how to implement projects in an advanced lab course that
balance instructor direction and guidance with opportuni-
ties for student agency. The lessons learned from the first
implementation of this new version of the course may be
instructive for both in-person and remote lab courses.
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APPENDIX

Table II shows the results of the coding analysis of the
open-response student survey questions.
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TABLE II. Emergent codes from the analysis of students’ responses to open-response survey questions about the remote lab course.
The 13 codes are categorized into four main themes: open-ended structure of projects, collaboration, no hands-on work, and workload
and stress. N is the number of students who had at least one response coded with a given code (out of 16 students who answered some or
all of the open-response questions).

Code Definition N

Open-ended structure of projects
Liked experimental design Student talks about designing experiments, or aspects of experimental design

(including choosing what data to collect), as a positive experience or thing
they liked about the course.

10

Experimental design emphasized in
course

Student recognizes and explicitly state that experimental design was an
emphasis of the remote course.

2

Critical thinking required Open-ended structure required students to engage in “critical thinking,”
“independent thinking,” or “problem solving.” This code applies when
students use any of these phrases or talk about having to think deeply about
their experiments.

4

Good balance between open-ended
and structure

Student states that there was a good balance between the open-ended and guided
aspects of the course.

1

Allowed more meaningful
interactions

Student reports that the open-ended nature of projects allowed them to have
more meaningful interactions with group members/instructors.

1

Collaboration
Collaboration emphasized in course Student recognizes and explicitly state that collaboration/group work was an

emphasis of the remote course.
2

Learned how to collaborate
productively

Student states that the course helped them develop collaboration/group work
skills. E.g., communicating with group members, ensuring everyone does
their work, collaborating with a large team.

2

Collaboration was helpful or
enjoyable

Student describes collaboration as helpful (to their learning, their experiments,
etc.) or as something they liked.

2

Missed in-person interaction Student states that they missed in-person interactions, would have preferred
in-person interactions, or that remote collaboration was challenging (e.g.,
coordinating across time zones). The response does not directly indicate a bad
group work experience, but rather a challenge or inconvenience. Though
some students may have stated both that they missed in-person interaction and
that they had a negative group work experience (see next code).

7

Negative group work experience Student describes or implies a bad group work experience (e.g., “the biggest
challenge was my group members,” “having unresponsive group members
was bad for my learning,” or “we didn’t divide the work equally”).

5

No hands-on work
Missed working with equipment Student talks about missing being in lab, working with equipment, collecting

data, or conducting the experiment themselves.
7

Harder to understand experiments Not being physically in the lab made it harder to understand aspects of the
experiment (e.g., the apparatus, how to make measurements).

1

Workload and stress Student describes the course as being overwhelming, stressful, or too much
work. They might also state that the expectations for the course were unclear
(because everything was new or the timelines/requirements were not
communicated clearly), thus contributing to the high workload or stressful
experience.

5
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