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Equity and Introductory College Physics Labs

Danny Doucette, PhD

University of Pittsburgh, 2021

Labs have long been considered an important component of physics education. However,

while there has been progress in transforming physics education in physics lecture classes to

improve student learning, less progress has been made in introductory physics labs. At the

same time, the physics community has come to recognize that there is a need to transform

instruction in order to improve equity and inclusion in the discipline. Inequities may be

manifested in the curriculum, the instruction or, especially, interactions between students.

In physics labs, where students typically work collaboratively in groups of 2-4 students, some

of these inequities may be especially salient.

This dissertation addresses the question of equity in introductory physics labs by con-

sidering student interactions, curriculum, and professional development for lab instructors.

I report on qualitative studies that sought to outline mechanisms by which inequities are

perpetuated and exacerbated in introductory labs, such as gendered task division, isolation,

and stereotype threat. I conducted quantitative analyses to assess the impact of task division

and diversity on student performance. I performed case studies of two lab transformations,

shedding light on what works, and what slips through the cracks, when lab instruction is

transformed. I analyzed the impact of transformed labs on student attitudes toward ex-

perimental physics, and I advance a framework for designing lab curricula and lessons to

improve student learning. I developed and analyzed an approach to providing professional

development for graduate student teaching assistants (TAs) who served as lab instructors.

Finally, I analyzed student reflections about the impact of the transition to online learning.

Throughout this dissertation, I have focused on uncovering pedagogical advice for lab

instructors. Some take-away messages include the importance of designing lab-work that

requires students to share, not split, collaborative work; the need to avoid forming groups

with isolated women students; the value of designing learning experiences with an expansive

framing; and the effectiveness of role-playing in training TAs. It is my hope that this body
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of work may serve to help instructors transform physics lab learning to improve equity and

inclusion in physics.
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1.0 Introduction

Laboratory work has long held a cherished place in physics education in the U.S.A. [64].

Yet, while the goals and pedagogy associated with introductory college physics labs have

oscillated and evolved with time [31], systemic scholarship of student learning and experi-

ences in labs is relatively new [136]. This dissertation seeks to contribute to scholarship

on student learning in introductory college physics labs by addressing three core aspects:

student interactions, curriculum, and instruction.

1.1 Student Interactions

In introductory physics lab courses, students typically work in small groups of 2-4 to

cooperatively complete a set of investigations. The requirement that students collaborate

while engaged in learning activities within the culturally-rich domain of physics means that

interactions between students who are working together can have a significant impact on

student experiences and learning. These interactions can be especially important when

groups are composed of students with diverse identities. Past research has documented

significant challenges when students collaborate in physics with peers with different identi-

ties [24, 151, 246, 260]. In this dissertation, I focus on student interactions within the physics

lab using both qualitative and quantitative analyses to extend this research.

Although I use a variety of methodological and interpretive frameworks in studying

student interactions, two aspects of the framework are especially handy. First, I frequently

rely on a communities of practice framework when analyzing interactions of students who are

working in small groups. In a community of practice, participants form a small community

that engages together in a set of common practices in order to complete a larger mission

within the domain of their work [300, 301]. Specifically, I study how students act as a small

community when they work together to complete their lab-work, and seek to understand

how the practices they employ while working together might advance their work and impact

1



their peers.

Second, since much of the analysis deals with students’ identities, it is important to be

clear about how I view students’ identities impacting their experiences in the physics lab. I

adopt the view that gender, race/ethnicity, and other external aspects of identity manifest in

interpersonal interactions primarily through performance. In the ways that matter, gender

and race are things that we do [115, 217, 302], not biological essentials. Thus, for example,

when I view students with different genders having different experiences in the lab, I view

that difference as arising from students navigating how they ‘do gender’ and ‘do physics’

differently.

1.2 Curriculum

Much scholarship in the past decades has focused on the relative benefits of evidence-

based active engagement, a pedagogical approach that is believed to improve average student

learning [99]. The context of the work in this dissertation is a set of introductory college

physics labs that transitioned from a traditional, highly structured format to an evidence-

based active learning approach. During this transition, the RealTime Physics curriculum

was used. In RealTime Physics, students make predictions, conduct simple experiments

with accessible apparatus to check their predictions, and engage in practice with concepts

using multiple representations [278]. Additional changes to the curriculum included adding

‘checkpoints’ for students to check with their instructor while doing the lab, creating digital

lab reports that streamlined the RealTime Physics assignments while also adding reflection

questions about the nature of science, and introducing collaborative activities for remote

group-work via Zoom.

One approach that I used in developing curricular materials for the introductory college

physics lab was expansive framing. Expansive framing calls for instruction to make explicit

connections between different contexts, and to both scaffold and position student work in

a broader context, so that students are more easily able to transfer their learning to new

contexts [93].

2



In order to quantitatively assess the impact of curricula on student learning, I used

two types of assessments. First, the E-CLASS ‘expectations and epistemology’ [308] survey

provides a measure of students’ attitudes toward different aspects of experimental physics.

Second, concept inventories like the FCI [130] gauged student understanding of physics

concepts.

1.3 Instruction

Instruction is also an important factor that impacts student learning and experiences in

educational settings. Many of the introductory college physics labs that served as the site

for much of this research were taught by graduate student teaching assistants (TAs). The

honors physics lab was taught by two faculty members, and the introductory physics courses

that are required as pre-requisites for the lab course are taught by a rotating pool of faculty.

In this dissertation, I share two efforts to improve the effectiveness of instruction. I

developed professional development for TAs that includes role-play, discussion, and reflection

during weekly lab TA meetings. With the switch to online learning in 2020 because of the

pandemic, I surveyed students and provided a summary of the affordances and constraints

they perceived in their online physics classes.

Note that, while this dissertation was written by a single person, the research reported

below was conducted by teams. Therefore, the pronoun ‘we’ will be used henceforward.

1.4 Overview

In Chapter 2, we used interviews and reflexive ethnographic observations to identify and

analyze two common modes of work that may disadvantage female students in introductory

physics labs. Students who adopt the Secretary archetype are relegated to recording and

analyzing data, and thus may miss out on much of the opportunity to grow their physics

and science identities by engaging fully in the experimental work. Meanwhile, students in
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the Hermione archetype shoulder a disproportionate amount of managerial work, and also

may not get an adequate opportunity to engage with different aspects of the experimental

work that is essential for helping them develop their physics and science identities. We use

a physics identity framework to investigate how students under these modes of work may

experience stunted growth in their physics and science identity trajectories in their physics

lab course. This stunted growth can then perpetuate and reinforce societal stereotypes and

biases about who does physics. Our categorization not only gives a vocabulary to discussions

about equity in the physics lab, but may also serve as a useful touchstone for those who seek

to center equity in efforts to transform physics instruction. This work previously appeared

in [74].

In Chapter 3, we investigate the underrepresentation of women in physics by reflecting

on interviews with two undergraduate women. Leia is a chemistry major who loves college-

level physical chemistry and quantum mechanics but does not identify with the discipline

of physics, partly because she has a low level of self-efficacy as a physicist and has received

very little recognition for her work and learning in physics. Paulette is a physics major who

loves physics but feels isolated by the current physics learning environment. She reluctantly

dropped honors introductory lab after being snubbed by her male classmates who partnered

with one another, leaving her to work alone. Paulette’s experiences with condescending male

professors activated a stereotype threat about who can succeed in physics that caused her

to disengage in class. We also discuss what these women felt has helped them so far and

explore their suggestions for what would help women in physics courses as they pursue their

quest for a physical science degree. This work previously appeared in [79].

In Chapter 4, we report on an ethnographic study in which two researchers observed

introductory physics labs. We found that many women in mixed gender groups adopted

the role of group leader or project manager and ensured that the group stayed on task

and completed the lab work as expected throughout the semester. Here we report on an

investigation of the views about the physics lab of four such female pre-medical students

with high agency who came across as group leaders in a traditionally-taught introductory

physics lab course for bio-science majors, and who strived to ensure that their group did

well in the lab. Our findings are based on semi-structured interviews with these students.
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The interviews focused on diverse issues including the roles of their male lab partners, other

peers and the teaching assistant in their learning in the physics lab, their views about

learning physics in lecture and lab courses, the role of physics labs in promoting conceptual

understanding, learning in physics lab compared with other science labs, and the role of

bio-inspired labs in their learning. We find that these female student group leaders had

surprisingly similar views about these issues pertaining to the physics lab. We recommend

that departments trying to revamp their physics lab courses reflect upon these findings in

order to make the labs more effective. This work previously appeared in [81].

In Chapter 5, we describe different types of collaboration in terms of the mutuality

of engagement they represent, and investigate how these different types of collaboration

impacted student interest and self-efficacy in introductory physics labs. We surveyed college

physics students about their beliefs and experiences regarding working with a lab partner.

We find that when asked explicitly about what they valued in a lab partner, a majority of

students noted that they wanted a “fair split” of the work. However, we find that students

experienced improved physics interest and self-efficacy when they participated equally in

all aspects of the lab, such as operating the apparatus and recording the data, which is a

different form of mutuality of engagement. This form of participation disproportionately

benefited women, a traditionally disadvantaged group in physics labs. Our findings suggest

that students’ physics interest and self-efficacy might be positively impacted in lab courses

that are designed to ensure that students participate equally in all aspects of the lab work,

as opposed to lab courses in which students split up their work inequitably, as they might

prefer to do. This work previously appeared in [76].

In Chapter 6, we analyze collaborative group work, an important aspect of many in-

troductory physics labs. This research focuses on how the gender diversity of a group of

students impacts their engagement in the collaborative portion of an online introductory

physics lab. We conducted a mixed methods study to determine the relationship between

the gender composition of groups and the degree of engagement those groups demonstrated

in weekly collaborative activity reflections, using randomly-assigned groups of four students.

We also investigated the impact of giving students explicit grading rubrics. We conducted

a series of semi-structured interviews with students in order to understand their perspective
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and experiences collaborating with others. When students were not provided with grad-

ing rubrics, we found that groups of all men had highest levels of engagement, and groups

with only one woman had lowest levels of engagement as evidenced by the length of written

reflections. On the other hand, when students were provided with explicit grading rubrics,

groups with one or more women had higher, comparable, levels of engagement. In interviews,

women described interactions in majority-male groups that were detrimental to effective col-

laboration, such as being ignored or talked over. These results suggest that instructors could

improve equity in online lab courses (and perhaps other classes as well) by assembling stu-

dent groups that do not have a single, isolated, woman group member or providing clear

grading expectations.

In Chapter 7, we present a case study on the transformation of a physics lab. New

technology like the Arduino microcontroller platform presents an opportunity to transform

Beyond the First Year (BFY) physics labs to better prepare physics students for work in

research labs and beyond. The flexibility, low cost, and power of these devices provides

an attractive way for students to learn to use and master research-grade instrumentation.

Therefore, we introduced new technology, including Arduino Due microcontroller boards,

to a second-year honors physics lab in order to provide improved learning experiences for

students. This transformation was implemented in three lab modules and focused on dimin-

ishing the black box nature of the traditional labs while encouraging students to engage in

troubleshooting. The importance of troubleshooting was made evident to students by the

instructor emphasizing it as an inevitable and central part of experimentation. This lab

transformation also required that students perform work that was ‘above and beyond’ the

scope of the assigned experimental work for part of the course credit. While the technological

aspects of the transformation were received well by a majority of students, our observations

during the initial implementation suggested a need for some modifications to instructional

practices in order to improve the learning and experiences for all students. In particular, we

find that many students can benefit from additional scaffolding in order to complete ‘above

and beyond’ work. Similarly, we find that students in general, and underrepresented students

such as women in particular, may need thoughtful intervention from the instructor, e.g., in

order to avoid becoming isolated when the lab work is designed for pair work. Otherwise,
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some students may be left to work alone with a disproportionate work-load if students choose

their own partners. With these lessons taken into account, recent student experiences in the

transformed lab were notably improved. This work previously appeared in [78].

In Chapter 8, we begin to analyze the impact of the adoption of inquiry-based lab

pedagogy on student attitudes toward experimental physics. There is a growing recognition

of the need to replace “cookbook”-style introductory labs with more-meaningful learning

experiences. To identify the strengths and weaknesses of a mix of cookbook-style and inquiry-

based labs, an introductory lab course currently being reformed was observed following

a reflexive ethnographic protocol and pre and post E-CLASS surveys were administered.

We analyzed data to identify shortcomings of the current labs and to determine areas for

improvement. This work previously appeared in [72]

In Chapter 9, we continue our analysis of the relationship between lab curricula and

students attitudinal and conceptual understanding. Conceptual inquiry-based introductory

physics lab curricula, such as RealTime Physics, have been shown to improve students’ un-

derstanding of physics concepts, and therefore may be attractive for instructors who seek

to transform their physics labs. However, the impact of conceptual inquiry-based lab in-

struction on students’ attitudes and beliefs about experimental physics, as measured by the

E-CLASS survey, is not yet fully understood. We present data from three curricular ap-

proaches over four semesters (n = 701). While we did not see improvement in E-CLASS

scores in the first implementation of a conceptual inquiry-based introductory physics lab, the

addition of questions that asked students to reflect on issues relating to experimental physics

was associated with E-CLASS outcomes that are comparable to other effective approaches

to lab instruction. These results suggest that conceptual inquiry-based lab curricula may be

suitable for instructors seeking to transform introductory physics lab courses if student atti-

tudes toward experimental physics are an important aspect of the transformation, provided

that the curricula are supplemented with reflection questions.

In Chapter 10, we address the issue of curriculum and lesson design in introductory

physics labs using a framework called expansive framing. Expansive framing, which po-

sitions students as participants in larger conversations that span time, place, people and

disciplines, can be a valuable approach for designing curricula and learning experiences to
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help students learn physics through an interdisciplinary approach. This chapter reports on

efforts to use expansive framing as a guiding principle while transforming and revitalizing an

introductory physics laboratory class. In this chapter, we describe student experiences with

two central elements of the lab course that were strongly influenced by the concept of expan-

sive framing and related to interdisciplinary learning. First, we sought to incorporate and

emphasize experiences related to the real-world and professional experiences of students, such

as connections between biology and physics, that will be interesting for the bio-science ma-

jors interested in health-related professions who take the lab. Second, we sought to promote

discussions between students and their graduate student instructors about the epistemology

of experimental physics, which we refer to as the nature of science, which is an important

interdisciplinary goal for the lab class. We explore the need, design, and implementation of

these two elements of the lab course through analysis of student interviews and coursework.

Consequently, we propose that using expansive framing for the design of student learning

should be considered a best practice for the implementation of introductory college physics

laboratory courses when seeking to adopt an interdisciplinary approach to student learning.

This work will appear in [80].

In Chapter 11, we present and begin to evaluate a model providing professional devel-

opment for graduate student teaching assistants (TAs). We developed and implemented a

research-based professional development program that focuses on preparing TAs to effec-

tively support inquiry-based learning in the lab. We identify positive effects by examining

three possible ways in which the professional development might have impacted TAs and

their work. First, we examine lab TAs’ written reflections to understand the effect of the

program on TAs’ ways of thinking about student learning. Second, we observe and cate-

gorize TA-student interactions in the lab in order to investigate whether TA behaviors are

changing after the professional development. Third, we examine students’ attitudes toward

experimental science and present one example case in which students’ attitudes improve for

those TAs who ‘buy in’ to the professional development. Our results suggest lab TA pro-

fessional development may have a tangible positive impact on TA performance and student

learning. This work previously appeared in [73].

In Chapter 12, we delve deeper into the model for providing professional development
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for TAs by adopting a framework of expectancy-value theory and cognitive apprenticeship.

This chapter presents a specific instantiation of a model for lab TA professional develop-

ment that uses a combination of cognitive apprenticeship and expectancy-value theories as

its framework. We describe how our model was implemented in the lab TA professional

development program, which included reflections, role-playing and other pedagogical activ-

ities offered through weekly meetings. Our evaluation included an analysis of TA writing

and interactions with students alongside informal observations and interviews. We discuss

the importance of accounting for TAs’ interest and self-efficacy development in teaching the

labs, as well as the challenge of motivating TAs who have very low initial levels of interest in

supporting student learning. We find that many TAs in our lab TA professional development

program demonstrated an improvement in TA performance in supporting student learning.

Given that the professional development activities require only a modest investment of time,

these positive results suggest that the model of lab TA professional development may be use-

fully adopted and adapted at other institutions where introductory labs are led by graduate

student TAs. This work previously appeared in [75].

In Chapter 13, we turn to the switch to online instruction that happened because of

the COVID-19 pandemic. In 2020, many instructors and students at colleges and univer-

sities were thrust into an unprecedented situation as a result of the COVID-19 pandemic

disruptions: even though they typically engage in in-person teaching and learning in brick

and mortar classrooms, remote instruction was the only possibility. Many instructors at our

institution who had to switch from in-person to remote instruction without any notice earlier

in the year worked extremely hard to design and teach online courses to support their stu-

dents during the second half of 2020. Since different instructors chose different pedagogical

approaches for remote instruction, students taking multiple remote classes simultaneously

experienced a variety of instructional strategies. We present an analysis of students’ percep-

tions of remote learning in their physics and other classes at a large research university in

the USA, focusing on lecture-based, active learning, and lab classes; collaboration and com-

munication; and assessment. Student reflections emphasized the importance of community

and opportunities to study with peers; grade incentives; and frequent, low-stakes assess-

ments. Reflecting on the challenges and successes of different types of remote instructional
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approaches from students’ perspective could provide useful insight to guide the design of

future online courses.

Finally, in Chapter 14, I discuss some potential future directions for this work.
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2.0 Hermione and the Secretary

2.1 Introduction

In lab, I’m usually in charge of writing down the data that we collect, and [my

partner] is usually the one doing the physical part.

I think my partners weren’t always prepared for the labs, so it fell on me to understand

and get the group to finish the lab... I need to be prepared to know what’s going on,

because they won’t.

Consider the above quotes from students describing their experiences in introductory

physics labs. Who do you imagine these students to be? How might students’ genders affect

the way they experience the traditional introductory physics lab?

The introductory physics lab presents a unique and powerful opportunity for students to

grow their physics and science identities. Identity in this sense is the ‘kind of person’ [106]

students consider themselves – with respect to physics, or with respect to science generally

– and we may understand the lab as contributing to their larger physics or science identity

trajectory. Well-designed labs can be particularly effective for identity growth because of

their low-stakes nature, which allows students to ‘tinker’ with the apparatus and develop a

meaningful and relevant understanding of physics as an experimental science, and because

lab-work can be collaborative and engaging for students.

However, as physics lab instruction increasingly adopts pedagogical approaches that

include evidence-based active engagement strategies [1, 28, 88, 101, 165, 169, 223, 275, 278]

and collaborative learning [28, 52, 88, 125, 152, 173, 229, 224, 262, 267], concerns have

emerged that these types of learning environments might actually increase the ‘gender gap’

even as all students are learning more than they would in traditionally-taught courses [161].

In particular, if physics lab environments are not equitable and inclusive, social interactions

around physics may allow for activation of stereotype threats [197] and the perpetuation or

verbalization of stereotypes about who belongs in physics and who is capable of succeeding in
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physics [124]. Additionally, in such an environment, micro-aggressions, discrimination, and

harassment [13] have the potential to stunt the physics and science identity development of

students from traditionally-disadvantaged groups if equity is not placed at the center of the

learning process in designing the learning environment.

Likewise, research shows that due to lack of role models and societal stereotypes associ-

ated with physics, women in college physics classes report lower levels of self-efficacy [205],

are more susceptible to stereotype threats [197], are more often subject to stereotypes re-

lated to their competence, and enroll as physics majors and graduate students at markedly

lower rates [234] compared with their male peers. In introductory labs, women average

less expert-like responses on E-CLASS [314], an assessment of student attitudes toward ex-

perimental physics, and may perform different roles when engaging in lab-work with male

peers [141, 237]. Research also shows that as they progress in their careers, female graduate

students and scientists continue to experience inequities in research labs [61, 115]. Thus,

promoting positive physics and science identity development [4] by creating an equitable lab

learning environment is especially important for students from traditionally-disadvantaged

groups, including women, as we seek to rectify longstanding inequities in physics.

This research is concerned with how gender is expressed in an introductory physics lab

if no explicit effort is made to create equitable and inclusive learning environments where

all students thrive and how it may disadvantage some students. In particular, we analyze

our observational and interview data from the lens of students in the introductory physics

lab ‘doing gender’ [115, 302] while ‘doing physics’. Thus, if physics is framed, presented,

and conducted in ways and in learning environments that are more aligned with traditional

conceptions of masculinity and femininity, students are likely to position themselves and

perform in response to these conceptions and reconcile ‘doing physics’ with ‘doing gender’ [37,

115, 256]. In this research, it is in students’ navigation of aspects of their gender while

doing physics that we seek clues about how we can improve instructional practices, learning

environments, and lab cultures to positively impact students’ physics and science identity

trajectories [61]. We note that we recognize that gender is not a binary construct, however,

all students in this investigation voluntarily self-reported identifying as male or female.

With this lens in mind, the introductory physics lab is at a crossfire: required for a large
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portion of the student body in science and engineering, fundamentally collaborative, increas-

ingly adopting active learning approaches, and largely unattuned to the impact it is having

on the physics and science identities of traditionally-disadvantaged students such as women

and racial and ethnic minority students. Unlike traditional lecture-style courses, both labs

and reformed courses that use collaborative evidence-based active-learning approaches (such

as flipped classes) may allow gender stereotypes about physics to become especially salient

and relevant. However, physics learning environments should not be allowed to perpetuate

negative stereotypes about who can do physics, and about who can develop a strong identity

as a physics or science person. Instead, physics learning environments should help all stu-

dents develop physics and science identities. To that end, this research may provide useful

insight for both labs and courses that employ collaborative learning.

The goal of this research was to use reflexive ethnographic observations in introductory

labs and individual interviews with students in those labs in order to identify and map out

how traditional lab instruction may impact students who work in mixed-gender groups of two

or three students in our traditional introductory labs. In these labs, run by graduate student

TAs, there is typically no explicit effort made to make the learning environment equitable.

We identify two modes of work in which women may be disadvantaged. In the Secretary-

Tinkerer mode, men tend to monopolize tinkering with the apparatus while women tend to

be found in a note-taking or supportive role. In the Hermione-Slacker mode (Hermione is

named for the clever, devoted, hard-working character from the Harry Potter [100] series

who exemplifies the role in contemporary media), women tend to be thrust into the role of

managing the experimental work, communicating with peers and the instructor, preparing

for the lab, and doing most of the work in each lab session while their partners make minimal

contributions. Finally, we discuss some research-based approaches that may help to reduce

the prevalence of these modes of work.

13



2.2 Framework

We employ an identity framework to analyze how introductory physics lab learning en-

vironments affect the development of physics and science identities for female and male

students [44]. In this framework, physics identity pertains to whether students see them-

selves as a physics “kind of person” [106, 286]. We also acknowledge that a student’s identity

“is not predetermined and fixed” [44] and that one’s identity is dynamic and “always being

shaped and impacted by one’s environment” [148]. An identity framework is ideally-suited

to the analysis of students’ experiences in culturally-rich settings [291, 120] such as the in-

troductory lab because identity framing focuses on and values the experiences of individual

students, while avoiding the trap of deficit models that may be interpreted as inadequacies

from differences between students. In our case, we seek to understand whether the way that

physics lab learning environments are designed ensure that all students develop a stronger

identity as a physics or science person.

Three constructs are often discussed in connection with physics identity. Perceived recog-

nition is the degree to which students feel recognized or valued by peers, TAs, instructors,

and family as a physics person or a person who is good at physics. Research suggests both

that recognition is the strongest influence on the development of physics identity, and that

the average perceived recognition by the instructor/teaching assistant in physics courses is

larger for men than for women [155]. Interest is a measure of a student’s intrinsic valuation

of their engagement with physics and enjoyment of this pursuit in a personally meaningful

way [124]. Self-Efficacy (sometimes also referred to as competency belief) is a student’s

belief in their ability to succeed in a certain situation, task, or domain [18, 20], and may

be associated with long-term student persistence [205]. The lower self-efficacy may partly

be due to pervasive social and cultural stereotypes and biases and the paucity of positive

encouragement and support endemic in the field of physics. All three of these factors –

perceived recognition, interest, and self-efficacy – would, in general, contribute toward the

development of a student’s identity as a physics and science person [111, 124, 156].

There are several ways in which the development of a student’s physics identity is im-

portant in the lab context. A student who develops a favorable and productive identity as
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a person who is good at physics is likely to engage, enjoy, and learn more in the lab [85],

both during and after the course is finished. Low-stakes tinkering in the physics lab can

be an important part of developing interest and self-efficacy in experimental physics and

experimental science in general. A student’s physics identity is valuable beyond the scope of

the introductory physics sequence, even for students who pursue courses of study in which

physics may not be directly relevant. For example, physics identity has been shown to be a

strong predictor of interest and agency in engineering programs [111], and the movement to-

ward competency-based assessments for medical school in some countries [258] makes clear

that proficiency and confidence in using physics ideas and scientific ways of thinking are

viewed as essential for future doctors.

A variety of prior studies have identified types of interpersonal interactions in labs and

similar learning environments that impact student experiences differently according to their

gender [62, 141, 180, 215, 237]. In one case, women in introductory college physics appre-

ciated hands-on experiences as valuable but expressed frustration about having to adapt to

new types of learning in the active engagement work employed in this class [180]. Research on

gender in a robotics-based introductory engineering course shows differences in how women

and men described experiencing certain learning activities and dealing with challenges, and

also suggested that gender differences stem from the competitive aspects of the course [215].

In physics labs, observational studies have noted that women spend less time tinkering with

apparatus [62, 141, 237].

We may understand why female and male students have different experiences in the

same learning context by considering how and why a student may change their behavior in

an attempt to align their self-image with societal preconceptions and cultural expectations

of what it means to be a male or female physics student [115]. In other words, students

will ‘do gender’ while ‘doing physics’ in order to conform to socio-cultural expectations.

An identity framework is useful in this case because it provides a means to understand

how identity trajectories of students who identify with different genders are shaped by their

environment and experiences from the moment they enter the physics labs and how they

position themselves and perform differently in the labs [120, 291]. Our goal, then, is to

extend investigations that applied an identity framework to understanding how men and
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women worked differently in experimental physics research settings [61, 115] by applying

this framework to the introductory physics lab setting. This can provide guidance for how

to improve the introductory physics lab environment to make lab experiences effective for all

students, at this crucial time when a positive boost in students’ physics and science identity

trajectories can set them on a path for growth as physics and science people and mitigate the

impact of stereotypes that may otherwise thwart their positive physics and science identity

development [61, 115].

2.3 Methodology

In order to investigate the introductory physics lab experiences and interactions of stu-

dents who identify with different genders, we adopted a qualitative, mixed-methods approach

that involved ethnographic classroom observations as well as semi-structured interviews with

individual students. Both techniques are influenced by the reflexive strand of ethnographic

investigation, in which the observer is mindful of their own positioning and background while

planning data collection, interacting with participants, and analyzing results. It is through

this reflection that blind spots, biases, and confounding preconceptions are identified and

accounted for [39].

Both stages of this work were performed by the author and his supervisor, each with more

than a decade of experience as a physics educator and a variety of personal experiences doing

science in different cultures. The former is a graduate student, a White man and former

high school physics teacher. The latter is an Asian female physics professor who has taught

and conducted PER research since 1995. Throughout this work, these two investigators

collaborated extensively to plan, conduct and analyze observations, and shared reflections

at weekly meetings and frequently throughout the week as well.
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2.3.1 Participants

The participants in this investigation are students enrolled in a stand-alone introductory

physics lab at a large research university in the USA. The course is a one-semester intro-

ductory lab, which requires the second half of a two-semester introductory physics course as

a co-requisite. Two versions of this lab, corresponding to the algebra- and calculus-based

physics sequences, are offered. The algebra-based lab is often taken in the third or fourth

year of study, and the majority of students who enroll are bio-science majors with an interest

in health-related professions. Students in the calculus-based lab are typically engineering or

physical science majors, and are more likely to be in their first or second year of study. While

the algebra-based sequence is 55% female and 45% male, enrollment in the calculus-based

sequence is 20% female and 80% male. University records at this time do not acknowledge

non-binary gender identities.

The labs are run by graduate student teaching assistants (TAs), who are also responsible

for most grading in this course. enrollment is capped at 24 students per lab session. Stu-

dents are graded for completion of their work and, aside from a post-lab exercise, partners

receive the same grade. The introductory physics labs have a reputation for being somewhat

easier than other labs typically taken by students in this course such as organic chemistry,

introductory biology, or introductory chemistry lab. Students who attend all 12 lab sessions

typically receive at least a ‘B’ grade, and most receive an ‘A’ grade.

In both versions, students worked in groups of two (or three, if needed, e.g., if there is an

odd number of students or some apparatus is broken so there are less stations available) to

complete a thorough and detailed lab procedure during a 3-hour period. Our observations

suggest that students self-select into partnerships essentially at random, as they sit down at

an open lab bench on their first lab session. The exception is that a very small number of

students partner-up before arriving in the lab: we generally see no significant differences in

how these partnerships operate. Once formed, groups tend to stay together unless the TA

requires a re-shuffling (see Section 2.6). Most students’ pseudonyms were chosen by study

participants: they reflect the participant’s gender but not necessarily their racial or ethnic

identity.
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Table 1: Participants in the first study from the introductory physics lab, along with the

pseudonyms of those quoted.

Gender Female 13 (Leah, Elisa, Melanie, Bella, Natalie, Paulette,

Zara, Liza, Janet, Kamala)

Male 5 (Mark, Lou)

Major Pre-Health Sci-

ences

12 (Elisa, Melanie, Mark, Natalie, Zara, Liza,

Janet, Kamala)

Physical Sciences 5 (Leah, Lou, Paulette)

Engineering 1 (Bella)

Course Algebra-Based 12 (Mark, Elisa, Melanie, Natalie, Zara, Liza,

Janet, Kamala)

Calculus-Based 6 (Leah, Lou, Bella, Paulette)

Total 18
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2.3.2 Ethnographic Observations

The experiences that affect students’ identity trajectories can be subtle and hard to

identify. External observers, however, may be better-positioned to see how words, body

positioning, and the manipulation of physical objects can contribute to student’s experiences

in the lab. We conducted observations many times over the course of the semester. These

observations targeted six introductory lab sections during each of the fall 2018 and spring

2019 semesters. Each of the twelve sections was run by a different graduate student TA,

who was informed in advance of the observation and asked to briefly introduce the observer

at the start of the lab session. Observations lasted at least 1 hour each, in order to develop

a fuller understanding of the student interactions that were being observed. In total, more

than 100 hours of such observations were completed.

We took on the role of non-participant observers [228]. During our observation sessions,

we sat on a side-bench of the laboratory and observed the students and TA while taking notes

of what we saw and heard, as well as our reflections on what they might mean. An informal

observation protocol [228] was adopted, and iteratively refined, as we sought to understand

factors that might affect students’ identity trajectories in the lab. With practice, and after

comparison of notes between observers, we came to identify particular items of interest:

comparing same-gender with mixed-gender groups, the work done by students in mixed-

gender groups, and the nature of the students’ discussions about their lab-work.

In line with our reflexive approach to investigation, we sought to fulfill three goals in

how we positioned ourselves during our observations: acceptance, detachment, and reflexiv-

ity [39]. First, we aimed to position ourselves in such a way as to not influence the normal

behavior of the TA or students. Sitting at the side of the lab helped in this effort, but we

also engaged in a small amount of discussion with a few students (offering brief advice on the

apparatus, asking Socratic questions about concepts, etc.) to establish the idea that we were

friendly and unobtrusive. This was largely successful for the students, who were typically

focused on their lab-work and ignored the observers. In follow-up discussions, some of the

observed TAs agreed that our presence did not noticeably affect what the students did in

the lab.
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Our second goal was to keep sufficient distance between the lab participants and ourselves

in order to make balanced observations. To this end, we kept discussion with students and

TAs to a minimum (less than 10% of observation time). The third goal, reflexivity, required

continuous reflection on how our own backgrounds and preconceptions may affect what we

see, and what we deem important. To achieve this, we sought to pay attention to each

individual student, to take their lab experiences at face value, and to discuss as observers

these issues in order to come to a shared research agreement. 20 hours of our observations

were done simultaneously, allowing us to compare notes and confirm that we observed similar

events, behaviors, and interactions. In reviewing our detailed and thorough notes, we are

confident that we were successful at maintaining suitable detachment and reflexivity in our

observations.

2.3.3 Semi-Structured Interviews

Based on our classroom observations, we identified students whose perspectives and ex-

periences we thought would (a) provide a cross-section of the students who enroll in the

lab classes, and (b) had experiences and perspectives that would be valuable for us in un-

derstanding student interactions in the lab. These students were invited to participate in

hour-long interviews, for which they were compensated with a $25 payment card. Roughly

half of the students who were invited agreed to be interviewed and we conducted a total of

18 interviews at the end of the fall and spring semesters during the 2018/19 academic year.

Our reflexive ethnographic observations suggested differential gender effects with negative

impacts on women, so we aimed for an interview pool that included more women’s voices.

Our decision was supported by the fact that only two of the five men we interviewed were

aware of these effects (perhaps experiencing a blindspot [17]) while all of the women were

able to describe at least one way in which men and women experienced the lab differently. In

addition, we sought particularly to speak with students from mixed-gender partnerships, as

these seemed to be the locus of gendered inequity of opportunities, based on the ethnographic

observations. By comparison, we observed that students who worked in same-gender groups

tended to collaborate much more effectively and equitably. Of the 18 participants who
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agreed to participate in interviews, 13 identified as female and 5 as male, and all but one

described working in a mixed-gender group for at least part of the lab course (we note that

most students in the lab course stayed with the same partner throughout and only a few

occasionally switched). All 18 participants worked in groups that were stable over the course

of the 14-week semester.

Drawing on our observations we assembled and refined a list of potential interview ques-

tions to serve as our interview protocol [228]. These included questions about the student’s

background and prior lab experiences; interactions with other students and the TA; thoughts

on the structure, mechanisms, and effectiveness of the course; and experiences with task di-

vision, including gendered division of labor. Despite the long list of questions, we sought to

make these semi-structured interviews conversational in nature to give participants the op-

portunity to express themselves freely, dig deeply on critical issues, and remain comfortable

and safe. The investigators used the list of questions to gently steer the conversation in the

directions specified by the interview protocol. Most participants required little prompting

and were keen to share openly. All interviews were audio-recorded and transcribed.

2.4 Results and Discussion

2.4.1 The Secretary and the Tinkerer

Students in the physics lab have a wide variety of background experiences. Some have

taken AP Physics in high school, while others went to schools that didn’t offer it. Leah, a

high-achieving chemistry major, described why she didn’t take physics in high school:

I had never had physics in high school at all. My school pushed for biology and

chemistry for girls, and physics for guys... So when I came here I had no clue about

anything about physics... I was clueless in a sense about physics. Physics I and II,

the calculus-based ones, were [a] little fast for me but a good speed for everyone [else].

The physics lab seemed a lot slower paced, so it was really good for me but it was

kind of boring for other people that were very, very, very good at physics...
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Leah’s high school experiences established a clear picture of who can be a physics person,

so it is unsurprising that she expressed a low level of physics self-efficacy and did not see

herself as a person who can be good at physics. Furthermore, her prior preparation meant

that when she got to college, Leah had little confidence in her ability to do physics. Her

low self-efficacy is clear when she compared herself with peers, whom she perceived to be

mastering physics concepts much more quickly than she was. However, Leah acknowledged

that when she compared her grades with those of her more-confident classmates, she saw

that she was doing just as well as them.

There would be times when I would feel like I am not good at physics, I am not good

at it. But we would get tests back... I was very comparable to them, but I still felt

like, ‘Oh, it’s not my thing, I’m not very good at it.’ But here I am, and they think

they are very good at it and I’m doing just as well as them.

While Leah was certainly doing well in class, her physics identity was stagnant because

her low self-efficacy prevented her from internalizing the idea that she was developing mastery

of physics concepts. Even though Leah was telling her (male) peers that they were “very

good at physics”, no-one was communicating that type of message to her or recognizing her

success. This conflict is typical for women enrolled in introductory physics and even though

men and women perform equally in introductory physics at the institution where this study

was carried out, men report substantially higher self-efficacy [305]. In negotiating a role in

the physics lab, it is Leah’s low self-efficacy as a physicist – developed through the lack of

support at high school, the encouragement she didn’t receive as a student, and a shortfall of

recognition when she did begin to demonstrate mastery – that may have led her to adopt a

secretarial role.

Mark, a microbiology major in his final semester, also hadn’t taken physics in high

school. However, unlike Leah, Mark was given opportunities to play with circuits as a child,

and to learn how to work with electronics through school research programs. These prior

experiences helped reinforce Mark’s interest and self-efficacy in science.

I’ve taken apart a lot of things. I’ve done work with Arduinos, kind of, building my
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own circuits... [My father is] a chemical engineer, so I always had something I could

work with when I would take things apart, until I bought my own things... some of

[the Arduino work] I had done with my research experience outside of school, having

to design some things, measuring bacteria and things like that. One of them, I did

this summer program where we build a little thing to switch LEDs off and on, and

also to measure absorbance inside cultures.

Mark’s prior experience led him to adopt the role of the Tinkerer in his lab group. He

recognized that this meant an unequal division of labor in his group. When asked explicitly

about why male students sometimes took over the apparatus in the introductory lab, and

what could be done about it, Mark replied:

I would say maybe some of the labs that had a more technical set-up, I would do

more of that. And then while I was setting that up, she would be waiting... I’m

usually in front of the machine so I’m usually handling that while she’s inputting all

the data. And that’s maybe something to think about, maybe changing the roles.

We see here an example of masculine lab behavior being replicated along gender lines [115],

to the benefit of Mark at the expense of his partner, Elisa. Furthermore, Mark attempted to

blame his dominance of the apparatus on his seating location. We found this attribution by

male students when questioned to be common, but spurious, as we observed most students

alternate locations readily as they do their lab work.

Elisa agreed with Mark’s description of the unequal task division in their partnership,

but speculated he must have taken advanced physics classes to have such a high self-efficacy

with the lab apparatus (in fact, he had neither taken high school physics, nor had he taken

any physics classes she had not). Here, again, notice how asymmetric engagement with the

lab-work only provided opportunities to Mark, potentially bolstering his physics identity

development while hindering Elisa’s. By assuming that he must have taken advanced classes

and allowing him to do the tinkering, Elisa appears to recognize Mark’s practical skills and

self-confidence. This is a message that may have bolstered his self-efficacy, even though he

hadn’t actually taken such classes.
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On the other hand, Elisa was doing the other work: she didn’t get to develop expertise

with experimental techniques in a low-stakes environment, didn’t get acknowledged by her

partner positively, and therefore didn’t get an opportunity to develop her physics and science

identities. The types of task they each performed and the opportunities she and her partner

had in the physics lab are likely to further increase the gap between their self efficacies when

it comes to tinkering and the associated learning in the lab. Elisa elaborated, describing a

typical day in the lab as follows:

He liked to do a lot of the setting-up and he knew what was going on, more than

I did. I felt like we both tried to split [it] up, so it wasn’t one person doing all the

work. I like to do the data entry and stuff, so often I would do that.

This division of work into Tinkerer and Secretary roles was a theme we saw repeated

frequently, in both algebra- and calculus-based labs, when students worked in mixed-gender

groups. In most cases, the Tinkerer tended to be male, and the Secretary tended to be

female. When the Secretary-Tinkerer split happened, as with Elisa and Mark, students

typically thought of it as a fair division of labor. Melanie, a biology major, described how

she and her partner split the work:

In lab, I’m usually in charge of writing down the data that we collect, and he’s usually

the one doing the physical part.

While the Secretary-Tinkerer task division looks fair on its surface, there are two big

reasons why it can be a deleterious approach to work. First, this division can reinforce a

power imbalance in team-work that deprives the Secretary of the opportunity to be a scientific

investigator. Lou, the partner of Leah (above) and a fellow chemistry major, described a

moment when he interfered with his partner’s attempts to contribute to building a complex

circuit:

Sometimes I get a little carried away with getting things to work. If Leah would

come over and try to change things, I’d be like, “I’ve almost got it.” That’s just my

personality.
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Leah described the same type of interaction in her interview. Traditional gender roles

were being enacted here: the man as authoritative, and the woman as responsive. However,

Leah wanted to do her fair share of the tinkering and recognized the inequality in their

division of the work. The following situation was a rare case of the Secretary being willing

to speak up and risk conflict, and may be seen as arising from a mismatch between Leah’s

relatively high level of initiative as a learner and the expectation that Secretaries have a

more passive role.

In the circuits labs, he kind of took over the experiment... the next week, I was kind

of like, “okay, give me that wire.” I tried to do more of the trying to plug in and see

what’s going on.

The second reason the Secretary-Tinkerer split is deleterious is that it deprives both

members of practice with the other type of working. Since the physics lab is often the

only place students learn to do hands-on experimental physics, the Secretary stands to lose

more from this task division than does the Tinkerer. Many of the skills recommended

by the AAPT [1] such as constructing and using apparatus, making measurements, and

troubleshooting problems cannot be learned by watching a partner. As a contrast to her

introductory physics lab, Bella described a digital circuits lab she took as an engineering

student:

It’s mainly the guys who are building the labs. And the women are mainly having to

figure out the software and the calculations... I don’t know, maybe it’s a perception

that men are better at things that require the use of hands?

When asked whether the gender split deprived women of opportunities to learn, Bella

explained that she felt under-prepared for a mid-term practical assessment in her engineering

lab:

Definitely! It definitely does. On the practicum, I remember thinking, ‘Dang, my

partner always did this part of the lab.’
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Although most of the interview participants discussed short-term impacts, the Secretary-

Tinkerer split can also have long-term negative consequences. In particular, this inequitable

task division deprives women of the opportunity to tinker in a low-stakes environment, which

is necessary for developing one’s physics and science identity as a person who can handle the

equipment and experiment.

2.4.2 Hermione and the Slacker

While the Secretary-Tinkerer mode of work deprives female students of the opportunity

to tinker with apparatus, which is a critical part of the lab and essential for identity devel-

opment as a physics or science person, we observe a very different effect in a second mode

of work that is equally salient. In this case, a student, typically female, ends up shoulder-

ing a disproportionate amount of the work and compensating for the shortcomings of their

partner(s). Such students take on the responsibility of ensuring the work gets done when

their partners fall short, but are more than just a project manager. In the physics lab, Bella

described working with two partners and asking one of them a question, only for him to turn

the question back on her because he hadn’t prepared for the lab and did not want to think

about it.

I feel like I did a lot of the thinking for the group... [When I asked him a question]

he would be like, what do you think?

Typically, students who adopt this Hermione archetype see it as necessary in order

to complete their lab-work because their partner, the Slacker, appears to be uninterested.

Like the Secretary-Tinkerer split, the Hermione-Slacker task division is one that seems to

strengthen as partners work together for more than one lab session, as the partners recognize

that the other person would be willing to pick up the slack.

The Hermione-Slacker mode of work seems to be especially prevalent in groups of three

students, although we also observe it in pairs. It may partly be that the student(s) realize

that their lab partner will make sure things get done and, thus, they will receive a good

grade with minimal effort. Natalie explained her disappointment that her partner wasn’t
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contributing:

I like being on a team... Seeing that he puts in as much effort as I put in... Because I

don’t see that effort coming from him, I’ve had to step up to make up for that effort

so we get it done with.

The lack of engagement or initiative from Natalie’s partner, however, went beyond merely

not contributing. She described how her partner’s disinclination to participate led to her

skipping a portion of the lab report that was not explicitly graded:

In the beginning of the semester, I would try to do the analysis questions just because

I wanted to understand it more, and he was like, we don’t have to do this, there’s no

reason to doing this. So I kind of gave up on that portion.

As a result of this partnership, Natalie’s opportunity to grow her expertise and interest

in physics was stymied, and in the rest of the interview it was evident that subscribing to

her partner’s lackadaisical approach to doing the lab just to get a grade may have negatively

impacted her physics and science identity development.

Despite being a physics major, Paulette’s male partner seemed to have little interest in

completing the lab, let alone contributing equally to the mental and physical labor required

to complete the work. This put her in the awkward position of needing to repeatedly ask

him to contribute to work for which he was receiving a grade and, perhaps worse, forced

Paulette into a traditional – almost maternal – role, depriving her of the opportunity to dig

deeper and develop her self-efficacy as a subject-matter expert.

Well, my partner’s a little lazy... Sometimes he’s on his phone and stuff, and I’m just

like, ‘get off your phone.’ He helps when I ask. I’ll be like, ‘hey, can you do this?’

But he doesn’t really start doing stuff himself most of the time. I’m like, ‘I’m not

your mom.’

As time went on, Paulette explained, he took increasingly-long and increasingly-frequent

breaks from the lab, and contributed less and less to the lab-work they should have been
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sharing equally. She described asking him to help, but he was so detached from the entire

task that he would not even know where they were in the lab procedure or what needed to

be done.

We observed Hermiones taking on a variety of tasks, including preparing for lab when

their partners did not, managing the work-flow, assigning small tasks to their partners and

monitoring their progress, communicating with the lab TA and other groups, and ensuring

the data collection was complete before leaving the lab room. We also saw Hermiones take

on the labor of reconciling different and sometimes conflicting instructions, methods, and

conceptual ideas. It added up to a lot of commitment and effort, and so frustration with a

partner’s lack of preparation is a common theme for students such as Zara in this role. Here,

she described what it was like when her partners didn’t adequately prepare for the lab, and

her experience the one week the group had to stay late in order to finish their work because

she wasn’t as well prepared.

There was one lab where, working with circuits... that was very difficult for me.

Maybe it’s just because during the week I didn’t have a very good week or something.

I really struggled understanding it. I think my partners weren’t always prepared for

the labs, so it fell on me to understand and get the group to finish the lab... I need

to be prepared to know what’s going on, because they won’t.

Despite the disproportional amount of time and effort she invested into the lab, Zara

either didn’t receive or didn’t internalize recognition from her peers. When asked if she was

the expert in her group, she laughed and said:

I definitely would not call myself an expert. Maybe I read the lab manual more?

According to the identity framework, perceived recognition should stimulate development

of Zara’s physics identity. However, because her lab participation was managerial, rather

than focused on the physics or hands-on parts of the lab work, the recognition she received

from her partner was – in her view – related to the project management, rather than mastery

of physics concepts and skills. Moreover, it appeared that Zara wasn’t internalizing the little
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recognition she did receive from her peers, and so she appears to have experienced little

identity development as a physics person.

Like Zara, Liza described her Hermione role in a way that situated her as doing necessary

work to accommodate an unprepared peer:

He didn’t read the manual every week, a lot of the time it was me telling him what

to do... do this, do this, and it would be me doing the note-taking... I felt like I was

controlling from that position.

The Hermione archetype can disadvantage students who adopt it in part because they do

the majority of the work while receiving the same learning experience and/or grade. Even

worse, the managerial work they do takes them away from the tinkering and sense-making

activities that could help them to develop their identities as physics and science people.

Janet described spending a large portion of her time mediating between her partner and the

TA, asking questions to the TA about things she already understood, in order to appease

her partner after he hadn’t bothered with the pre-lab reading and expressed doubts about

her explanations of the tasks they needed to do.

It’s like, you’re wasting my time because you’re unprepared. Well, now I’m not able

to learn as well because I’m spending so much time asking [his] questions [to the TA]

that I don’t really need to ask, because I know what’s going on. It’s wasting my

time...

Since Hermione-role students are typically situated as the hard-working one in their

partnerships, these students tend to attribute their successes to their exertions rather than

their physics competence, which could again shortchange their physics and science self-

efficacy and identity development. And because they need to be so laser-focused on getting

everything done for their group, there is little time or capacity for Hermiones to develop

higher levels of self-efficacy and interest in physics, and to grow their physics and science

identities, through their experimental work.

Kamala, a high-achieving pre-med student who managed a group of three, praised the

skills of one of her partners:
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He’s very good at equipment, so even if he doesn’t necessarily read the lab, he’s just

one of those people that has very good problem-solving skills when there’s hands-on

things.

On the other hand, when it came to her own expertise, she rebuffed credit from her

partners, interpreting what they say as not genuine, saying:

They have an impression that I’m just better at physics than they are. Or I’m just

smarter at this stuff than they are. Which isn’t necessarily true. It just comes down

to... are you willing to push the group forward in terms of knowing what the next

thing to do is?

In effect, then, Kamala praised her partner for practical work, which he did because of

his confidence with the equipment but without reading the lab manual, while she appears

to have internalized no recognition for her mastery of the physics concepts or experimental

procedures. In part, this was because she felt she was essentially managing the lab work

for her group in order to make sure it got done. This is a common theme in these in-

terviews: women displayed lower self-efficacy than men, and were more likely to attribute

their success to external factors such as hard work rather than to their own developing mas-

tery of experimental physics. By focusing on managerial work, women who adopted the

Hermione archetype received recognition that was either not relevant to their physics and

science identities or that was interpreted as not being genuine. They consequently appear to

have experienced physics and science identity growth that was stunted in comparison with

their peers in same-gender groups, or in comparison with the men in the class who adopted

Tinkerer roles.

2.5 General Discussion

While the Secretary-Tinkerer mode of work has been documented before in research on

STEM education [24, 41, 174], here we introduce the Hermione-Slacker mode for the first
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time. We believe that this taxonomy will help educators conceptualize and reflect on the

ways in which students may be disadvantaged by gendered modes of work in the physics lab

and other places in which students are doing science together. These archetypes are both

salient and ubiquitous in mixed-gender groups, especially when compared with same-gender

groups.

Applying the identity framework, we find that both Secretary and Hermione archetypes

can act to stunt the development of physics and science identity for women in these roles.

Women in secretarial roles, like Leah, Elisa, and Melanie, are denied the opportunity to

actively engage with the apparatus in a low-stakes environment of the lab, and thus do not

benefit from this opportunity to grow their interest in experimental science. Thus, it is

unsurprising that Secretaries typically describe a transactional view of their lab-work: they

do what is required, and do not see themselves as undergoing growth in their identity as

physics or science science people as a result of the lab course.

In the same way, discussions with women in the Hermione role, like Natalie, Paulette,

Zara, and Kamala, suggest little growth in their physics and science identities as a result of

this physics lab. Because they are pushed to adopt a managerial (or even maternal) role,

they see themselves primarily involved in getting things done, leaving little time to deeply

engage with work that might stimulate growth in their interest and self-efficacy in physics,

or the consequent development of their identities as physics and science people. And while

their partners sometimes recognize them for their leadership in the introductory physics lab,

they rarely appear to internalize those types of recognition for their accomplishments in

terms of being good at physics. In total, of approximately 20 students in the Hermione role

we identified during the observation phase of our work, none of them were men.

Overall, then, we find that students whose negotiation of “doing gender” and “doing

physics” results in them adopting Secretary and Hermione roles experience interactions in

the lab that limit their physics and science identity development. Returning to the iden-

tity framework, we note that students who adopt the Hermione or Secretary roles receive

inadequate recognition as scientists. Hermiones, in particular, may receive recognition from

peers that is either not perceived as genuine or inadequate compared to the work they do.

Likewise, the task division encountered by students in both these roles may have provided

31



fewer opportunities to develop an interest in experimental science, but this was less explicit

and salient in the interviews. Finally, students in the Hermione or Secretary roles spend time

on managerial or notekeeping work that doesn’t promote development of their self-efficacy

as scientists. Since these two roles tend to be occupied primarily by women, given the ex-

istence of pervasive societal stereotypes about physics that can disadvantage women, this

issue deserves careful attention.

We emphasize that this analysis is focused on the impacts of gendered roles in the lab

on students. For example, many students in Tinkerer-Secretary partnership may have good

intentions. In particular, some students who adopt a Tinkerer role may view themselves as

doing extra work to the benefit of their partner, while their Secretary partners may believe

that stepping back from the apparatus allows them both to finish the lab efficiently.

Some of the classroom observations that the author and his supervisor conducted were

at the beginning of the semester (first lab class) to observe how students selected their

partners and settled into different roles. Based upon these observations for mixed-gender

and same-gender groups, we propose a model for how the gendered-roles solidified in many

mixed-gender groups compared to the same-gender groups.

We present in Fig. 1 one possible way to visualize the dynamics we identified during our

observations that were corroborated by interviews. In this model, a student’s initiative -

their willingness to do work - in the lab is plotted horizontally, while the vertical axis shows

a student’s gender. Fig. 1a shows the typical dynamics we observe when a woman with

lower initiative begins to work with a high-initiative man: he tends increasingly to take over

the experiment, adopting the Tinkerer role, and she tends more toward the Secretary role.

Similarly, Fig. 1b shows what we typically observe when a high-initiative woman begins to

work with a low-initiative man: she adopts a Hermione role, and he becomes a Slacker. We

observe this type of dynamics that drives this task division throughout the lab period, but

they are especially pronounced during the first hour that a pair of students is beginning to

work together.

Our observations suggest that unlike in mixed-gender groups, the symmetry breaking

and “phase separation” into different roles generally does not seem to occur in same-gender

groups. In fact, in our observations, the general contrast between the mixed-gender and
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Figure 1: A proposed model to account for how female and male students settle into adopted

gendered modes of work in mixed-gender groups.
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same-gender groups in this regard was striking. As depicted in Fig. 1c and Fig. 1d, typically,

two students of the same gender who work together - regardless of their initial differences

in initiative - tend to achieve an equilibrium, adopting similar types and amounts of work.

In these same-gender partnerships, there is little psychological distance [292] (a measure of

the similarity between two people based on their characteristics, their behaviors, and the

social groups to which they identify) between the partners. This may be a relevant factor in

determining whether two students will collaborate effectively.

We also noticed, in our observations, a few cases of mixed-gender groups that began the

lab period with comparable initiative. This was the case for Leah and Lou, as described in

the previous section. Even though they both started off with a high level of initiative, the

female student appeared to display slightly less initiative (which may be due to her gender

identification in the mixed gender group), and this small difference was exacerbated by the

collaboration, as shown in Fig. 1e. However, Leah’s determination to take an active role

in the lab-work meant that neither she nor Lou moved very far on the diagram, but also

introduced tension to their interactions sometimes as discussed earlier. We find that when

there was tension in groups, it typically came from conflict between students’ desired form of

participation in the lab and the role-division described here. In another group, we observed

two lower-initiative students (compared to the average of the class) struggling to complete

the lab-work until the student with slightly-more initiative started to put in more effort.

In this case, shown in Fig. 1f, the female student appeared to have slightly more initiative

originally, and was pushed toward adopting a Hermione role while her partner became more

of a Slacker.

In summary, we propose a preliminary model of lab dynamics in which gender identifica-

tion of students, as a type of psychological distance, acts to push similar (e.g., same gender)

students toward fair and equitable work-patterns, while driving dissimilar (e.g., different

gender) students toward the inequitable archetypes described above. Future work is needed

in order to refine this proposed model and understand how labs in which students partner

with each other may produce the type of dynamics we observed. This may include looking

at constraints and affordances of the lab such as how the grades are assigned and the impact

on students’ physics and science identities of emphasizing the long term utility and value of
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dividing all aspects of the lab equitably. Furthermore, while this chapter has emphasized

gendered instances of these archetypes, we note that task division in our labs can also be

influenced by our students’ racial and ethnic identities. Unpacking and understanding this

effect would require an intersectional lens, and is beyond the scope of this chapter.

2.6 Implications for Practice

A key question is how to address these inequitable modes of task division. Below, we

describe five approaches we have started to implement in our labs, which appear to be

promising. In our observations, these approaches seem to be beneficial for students from all

four archetypes identified above. Just like Secretaries and Hermiones, Tinkerers and Slack-

ers benefit from increased accountability (including grade incentives), more clearly defined

responsibilities, and opportunities to renegotiate their role in group work.

First, regularly changing group composition may help to reduce some types of inequities

in group-work [125]. When students work together over several weeks, we see that their

adoption of inequitable modes of work (including task division) becomes solidified over time.

In labs that changed groups mid-semester, our observations suggested more-equitable work

in the second half of the semester compared with the first half of the semester.

A second, often-recommended, approach is to assign (and rotate) roles within student

groups [126]. Recently, we have observed some success in reducing the occurrence of some

inequitable task division in labs where the TA (after being prepared to do so via professional

development) required that student partnerships take on the roles of ‘experimenter’ and

‘recorder’, and alternate weekly. Students were generally willing to play along and stick to

their roles, but we noticed that some recorders would take over parts of the experimentation

role if their partners struggled. Likewise, students who were recorders during a given lab

session had no opportunity to develop practical skills with the apparatus for that particular

lab, and so even though they might get as much experience with the apparatus as their

partner, neither of them gets as much experience as they would both get if they collaborated

equitably. A series of ‘checkpoints’ provided a grade incentive to students to ensure they
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fulfilled their roles.

Third, we found that isolated minorities – such as a woman in a group of three with two

men – were particularly vulnerable to the archetypes described above. Thus, we endorse

the advice [126] to avoid isolating minorities if possible. However, this idea can be usefully

extended by considering what happens when a minority student is in a class without any peers

from their minority group. During our interviews, one student described her experience as

the only female student in an honors physics lab. Despite being friends with many of her male

peers, none were willing to partner with her for investigations that were too comprehensive

to effectively complete alone. She eventually dropped out of that course and enrolled in the

regular (non-honors) lab the next semester, but told us that she would have stuck with it if

she had had a fellow female student with whom she could have worked. Thus, we suggest that

instructors be careful not only to avoid isolating underrepresented minorities in groups of

non-minority students, but also to take care not to allow underrepresented minority students

to be isolated without the social resources they need to complete their work with the same

level of support as other students.

Fourth, we note that a small amount of previous experience can provide a big boost to a

student’s self-efficacy when it comes to lab-work at this level. Mark and Lou attributed their

tinkering predispositions to extracurricular science activities they experienced at school, for

example. One approach, then, is to ensure that all students have an opportunity to tinker

unimpeded during the first few minutes of the lab session. Since women are less likely to

have had such experiences due to societal biases and stereotypes [59], perhaps the lab room

could be equipped with enough apparatus for each student to build a few simple circuits,

use a caliper, or set up a lens individually before undertaking the cooperative part of the

experimental work. In this way, individual ‘tinkering time’ could be built into the lab-work,

and students could be coached to do it alone, and not to interrupt their partners’ preliminary

tinkering.

Finally, recognizing that collaboration is a skill like any other, we have begun to de-

velop and systematically evaluate lab tasks that explicitly divide the learning tasks between

partners. For example, Student A is assigned to develop the theoretical prediction while

Student B carries out the measurement before they share, and switch roles for the next part
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of the experiment. This structured work can act as a scaffold over the first few weeks of

the semester, and can then be slowly withdrawn as students become more familiar with the

expectations for equitable collaboration in the physics lab and more capable of working in

an equitable way over the course of the semester. Here, too, we adopted a mixed grading

scheme that partially accounted for individual contributions to a group lab report.

As a further issue, introductory physics labs at large research universities are often run

by graduate teaching assistants. In such cases, professional development to establish ‘buy-

in’ [112, 316] for the principle of equitable learning, designing approaches for teaching assis-

tants to use in their labs, and instructing and monitoring the use of these approaches will be

an essential consideration for such settings [73]. In labs run by our graduate student TAs,

we see little or no impact from any of the above strategies when the TAs do not believe in

their necessity and benefit.

While the adoption of the archetypes described and illustrated in this chapter – the

Tinkerer, the Secretary, the Slacker, and Hermione – is symptomatic of inequitable learning

in the physics lab, these archetypes also serve as a way to understand the nature of the

inequities. It is our hope that these labels provide a vocabulary for discussing equity in the

lab and a reference point as we work to transform introductory labs into places where all

students develop positive identity as physics and science people.
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3.0 Experiences of Women in Physics

3.1 Introduction

Issues related to why women are underrepresented in physics are being investigated from

various angles (e.g., see Refs. [44, 124, 245, 246, 254, 319]). While some women experience

explicit and implicit bias while studying physics, some may experience being recognized as a

person who can excel in physics and may experience mentoring by physics instructors [148,

201, 205, 225, 253] differently from men even in the absence of discrimination [151]. Women

can also be affected by isolation and stereotype threat [156, 195, 197]. Here we present the

voices of two white American undergraduate women in their second and third years at a

large public university to shed light on experiences in physics that they found alienating.

Both were interviewed about their experiences for one hour each using a semi-structured

protocol. All names are pseudonyms.

3.2 Leia: Self-Efficacy and Recognition

Self-efficacy, the belief in one’s ability to be successful at a given task [19], has been

shown to be an important factor in students’ career decisions, enrollment in STEM courses,

and persistence toward long-term goals [225, 253]. However, research has shown a sizable

gender gap in the self-efficacy of students enrolled in introductory physics courses, in which

women consistently have a low self-efficacy than their male peers, even if those men have

lower grades [205]. Leia explains what this paradoxical self-efficacy difference looks like,

from a student’s perspective: “There would be times when I would feel like I am not good

at physics, I am not good at it. But we would get tests back. . . I was very comparable to

them but I still felt like, oh, it is not my thing, I am not very good at it”. While Leia knew,

on some level, that she was doing just as well as other students in her class, at another point

in the interview she described hypothetical physics students who were far superior to her:
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“Physics I and II [lectures] were a little fast for me but a good speed for everyone. . . but

the physics lab seemed a lot slower-paced so it was really good for me, but it was kind of

boring for other people that were very, very, very good at physics.”

While Leia had a low physics self-efficacy, she was confident about her capabilities in

chemistry. She recounted how getting a very good grade on the physical chemistry (P-chem)

midterm exam in the current semester was something that boosted her self-efficacy and

increased her interest in P-chem to the point where she was almost looking forward to her

final exam: “I just got the grade back. I almost cried because this is the best I have done on

a chemistry test. And then I just felt so much more confident to take the final. You know,

like, I am REALLY good at P-chem. . . It was really nice, like, YES! All my hard work

is paying off finally.” Leia clearly has the ability to be successful, and she has a mindset

that supports her in this closely-related field to physics. However, the fact that she feels so

negative about her physics abilities serves to highlight how threatening an experience the

introductory physics class can be for some women, even though all students are ostensibly

treated equally.

In order to understand how Leia could have a positive view of physical chemistry while

being apprehensive about physics, we asked her about the recognition she has received as

a chemistry student. Students who perceive that they are being positively recognized as

members of a science community often experience a boost to their identity as scientists [156,

190]. Leia noted that in her introductory physics course she found support from a female

undergraduate teaching assistant from the Undergraduates Teaching Undergraduates (UTU)

program. She felt that this was a person who was empathetic, and who understood her and

her questions. She also felt she could talk to the teaching assistant about physics at her

level and she did not feel anxious talking to her. She was so positively impacted by the

support she received from the female physics UTU experience as a student that she herself

decided to be a UTU in physical chemistry and noted that the recognition from the students

she was teaching was the best part of the experience. “I think honestly the best part was

the last session. People were excited to leave, it was the last lab, but then they would turn

around and [say] ‘oh but we would never see you again’ . . . that was the best part. I think

I made their experience in the lab like a little bit better.” Further discussions suggest that
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these UTU experiences, both from the perspective of a student (asking a female UTU for

help in the physics context) and as a UTU teaching students in the chemistry context, were

empowering for her, and that the recognition she received from both types of experiences

helped improve her sense of belonging and self-efficacy.

When discussing what we can do to help students like her, Leia talked about the small

class size in her physical chemistry course this current term, “My class size got smaller so

I felt like the professor knew my name. That was the first time, well in a science class, a

professor really knew my name. . . So it is just that the higher you go, the smaller the classes,

the better you get to know the people. That is the best part for me.” Leia further added that

smaller classes would really help her because the instructor will be able to communicate with

her personally saying, “Let’s say I did really poorly ‘Leia, what happened’ or if I did really

well ‘Great job, Leia!’ . . . I like that a whole lot better than huge, huge classes. . . ”. She

then reminisced about a non-science course saying, “I had a public speaking course which

is my favorite course here so far and [the instructor] is phenomenal! She would cross the

street to just say hello. So yeah it definitely, definitely made me feel really welcome.” It

appears that a smaller class helped to improve Leia’s sense-of-belonging and self-efficacy by

making it more likely that she would experience positive interactions and receive recognition

as a scientist from her instructors. This recognition, once internalized, may have reduced

the ambiguity she felt in how she was performing relative to others, and may have helped

increase her self-efficacy and sense of belonging. This process may be especially relevant for

some students who may not have previously had opportunities to learn physics and interact

with content area experts, such as students like Leia who attended small or under-resourced

high schools.

3.3 Paulette: Isolation, Stereotype Threat, and Mentorship

Another difficulty faced by women in physics is the challenge of isolation. Being the only

member of a visible minority in a cohort, lab, or department can lead a student to being

excluded from productive study groups, missing out on informal forms of support, and even
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having vital materials withheld by peers [246]. Paulette’s experiences in the introductory

honors lab are an example of this. She was the only woman in the lab course and consistently

found herself working alone, even though she was friends with men in the lab. “[The lab]

was really, really cool but it’s very unguided... I went in a month and was like, I can’t do

this anymore. I was the only girl in that class, which is. . . not ideal. It just doesn’t make

you feel very comfortable, ever.” Paulette explained how she ended up working alone by

describing how the male students paired up amongst themselves: “[The other students] were

like, hey do you want to do the photoelectric effect with me, do you want to do blackbody

radiation with me? . . . I already knew them, and that was still kind of hard.” As the

semester went on, Paulette’s experiences in the lab became frustrating and exhausting: “it’s

like, you say stuff, and people don’t really listen to you. It’s not necessarily intentional. But

you suggest something, and people just ignore you. So, you have to be a bit more forceful,

and sometimes you just don’t have the energy for that. . . after a certain point I didn’t want

to go to that class anymore, and it was, I’m just going to withdraw. I didn’t want to deal

with the mental stress of that. Or, you know, pay money for a class I didn’t want to go to”.

Paulette also faced the challenge of stereotype threat as a woman in a male-dominated

field. Stereotype threat refers to fear of confirming a negative stereotype about oneself

because of one’s association with a stereotyped group (e.g., women in physics). Stereotype

threat can increase anxiety and rob students of the limited cognitive resources and thus lead

to deteriorated performance. Stereotype threat has been posited as a possible explanation for

the underperformance of traditionally marginalized groups in physics [195, 197, 284, 285] and

Paulette’s experiences provide a vivid example. Paulette began by articulating a stereotype

threat that impacted her success in class: fear that her instructors were judging her for being

a woman and being condescending in their responses to her questions. She mentioned that

some of her male physics professors “tend to have an air where it’s like, this is the näıve

solution, this is so trivial... Sometimes there’s condescension, which makes you not want to

ask questions anymore.” Consequently, she feared raising her hand to ask questions in class:

“It can be especially hard when you have that question in the back of your mind which is like,

are they being condescending because they think I can’t do it, or because I’m a woman?”

This fear and response became a threat and the condescension had a negative impact on
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Paulette’s sense of belonging. She explained how she, and her female classmates, experienced

a lower sense of belonging than their male peers, and how this impacted them differently:

“I feel like most of the physics majors at one point are like, I’m too dumb, everyone else is

smarter than me. But I’ve only ever heard the women contemplating. . . I don’t belong in

this and maybe I should drop the major. I’ve never heard any of the guys say that. And

I don’t know. . . there’s only one thing that can really stem from!” Paulette described this

gender difference as arising from feelings of isolation, gendered microaggressions, and the

ubiquity of stereotypes such as the belief that physics is a field for ‘brilliant’ men. We can

imagine how the same process may have hurt Paulette in other circumstances by noting

that, since human working memory has a limited capacity while problem solving [249], lower

self-efficacy and the resulting anxiety associated with stereotypes could have robbed Leia of

some of her cognitive resources while learning physics or taking physics quizzes and exams,

and she could potentially have done even better than she actually did if she did not have

such challenges.

Paulette also described positive experiences during our interview, such as how she feels

empowered with the support of a female faculty mentor. Mentoring can play an essential role

for students, providing essential relational resources to support the development of students’

sense of belonging and identity as scientists [29, 148]. Similarly, role models can help to

counter stereotypes about who can succeed in physics. In her interview, Paulette noted

that both faculty mentors and peers can serve to provide support and reassurance. Paulette

lamented not having a female professor in her early physics classes: “I think it would be nice

to have a female professor... because I [would] just feel more comfortable talking to her. Until

then I’ve just had men.” When asked what kinds of things have supported her in college

so far, Paulette described her current research internship with a female professor, “I have

my female mentorship thing with [a professor of physical chemistry], which was definitely

on purpose. I looked for female PIs.” She was very happy about her relationship with her

mentor and noted, “We meet every week. She’s like, how are you doing, where are you at? . . .

The times I know I have problems, I’ll talk to her then, she’ll talk me through it, and I can

keep doing my work.” Support can also come from peers. Reminiscing on the lab Paulette

said, “I know, almost for a fact, that if my friend Amy had been in that class I would have
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stayed in that class because we would have partnered on pretty much everything.” Paulette

also found comfort in talking to a female physics teaching assistant, “My first semester, the

TA, she’s a graduate student here. That was nice, I just automatically felt more comfortable

asking questions.”

3.4 Implications and Summary

Reflections on the interviews with Leia and Paulette lead to the following suggestions

for instructors:

1. Ensure that students are not isolated. In settings where group work is expected, or

necessary, ensure that students partner equitably even if it means being “uncool”. As

Paulette suggests, “making the teachers assign partners, as uncool as that is, would

definitely help with that kind of thing. Because then you don’t feel like you’re forcing

someone to be your partner.” Just as research suggests that instructors be careful to

avoid isolating underrepresented minority students in majority-dominated groups [126],

we suggest that instructors should also be careful to avoid isolating underrepresented

minority students into doing solo work because they cannot always find a partner.

2. Make sure to recognize students for their successes, including the often-overlooked success

of simply making progress in their studies. Also, take interest in students’ well-being.

As Leia describes, simply acknowledging students inside or outside of class can have a

long-lasting positive impact. For instructors, this could mean learning students’ names

and using them, acknowledging students when you see them outside of the classroom,

and providing friendly encouragement when students do well on an assignment.

3. Take responsibility for the social dynamics in your classroom and pay attention to stu-

dents who may be feeling under-supported. As Paulette explains, “I think it was probably

pretty obvious that I wasn’t happy in the class, and neither of the two professors said

anything to me about it, even though it was only 10 [other] people.” This might include

establishing and reinforcing positive norms for community work and engaging in frequent

check-ins with student groups.
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4. Where possible, advocate for smaller classes. As Leia pointed out, smaller classes and

recitations give instructors and peers the opportunity to get to know each other better.

Smaller classes may make it easier to attend to students’ self-efficacy, pay attention to

social dynamics in the classroom and ensure everyone has positive experiences. Similarly,

consider establishing or supporting study groups and affinity groups in your department.

Paulette proposes: “Women study groups? Bring your homework and someone who’s

taken the class before will help you. I think for physics that would definitely be helpful.

Or at least, like, a networking kind of thing? It’d be nice to know that there’s a woman

that has done it before.”

These interviews shed light on the experiences of two undergraduate female students

majoring in chemistry and physics to give a glimpse of how societal stereotypes can activate

stereotype threats [19-21] and how, without adequate support and even in the absence of

discrimination, women in physics courses can develop low levels of self-efficacy and be made to

feel isolated. As educators, it is critical to reflect upon the experiences of these women since

they can impact students’ classroom experiences, grades, persistence, and career choices.

Physics teachers can benefit from reflecting on these students’ narratives in order to create

equitable learning environments in which all students can thrive and excel.
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4.0 Views of Female Group Leaders

4.1 Introduction

Introductory physics labs can play an important role in helping students learn physics

through experimental techniques and the analysis and interpretation of data as well as sup-

porting the development of their problem solving, reasoning and meta-cognitive skills. Many

recent studies have focused on the effectiveness of different types of introductory physics labs

in a variety of different settings and contexts [28, 88, 101, 223, 229, 262, 278].

However, past studies such as these have placed less emphasis on the experiences, knowl-

edge, values, expectations, and goals of the students who are enrolled in the labs. Cognitive

science tells us that it is important to understand what students know and value if we seek

to design effective learning experiences for them [6, 221]. Students are the ones who know

what they are experiencing and learning vis a vis the goals of the lab course and their own

expectations [24, 166, 183, 246, 265]. They also have firsthand experience with the extent to

which the learning environment in the lab succeeds in aligning lab goals with their expecta-

tions and supports their growth as a physics and science person, i.e., as a person who can

excel in physics and science in the lab context. Standpoint theory in sociology suggests that

students who are experiencing challenging circumstances are in the best position to explain

the nature and cause of their difficulties and how to improve the circumstances [123]. Thus,

as a theoretical framework for this investigation, we combine the cognitive perspective that

understanding student knowledge and values is essential to designing learning that aligns

course outcomes and the goals and expectations of students with the sociological perspective

that university students are best positioned to articulate the knowledge and values to drive

this process.

We focus on the question of “effectiveness” from the point of view of students in order

to understand the alignment between students’ perspectives and course learning goals. We

view lab learning experiences as effective if they help students move toward their personal

goals and/or toward the course goals associated with the lab. The goals for the course
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include improving students’ understanding of physics concepts, learning skills associated

with experimental physics, developing the ability to collaborate and communicate physics

ideas, and refining students’ critical and scientific thinking skills [1, 169]. Students’ goals

for the course included getting a good grade, preparing for the MCAT exam, engaging

in personally meaningful physics learning activities, and collaborating in an agreeable and

productive way [76]. To illustrate the ways in which we used the term “effectiveness” during

the interviews, consider the following question from our bank of questions: “What are your

thoughts on the effectiveness of these labs? How do they compare with other labs you’ve

done in college or high school?” Here, we are asking students to compare their labs with

an eye on how helpful the lab was as a learning experience, as seen through the eyes of

a student who experienced the labs. Thus, the question uses the term “effectiveness” to

probe the alignment between the student’s experiences in the lab with their perception of

the course’s learning goals.

Guided by our theoretical framework, we conducted an ethnographic study in which

two researchers observed introductory physics lab courses and also conducted individual

interviews with students at a large research university in the US. In particular, individual

hour-long semi-structured interviews with 18 students were conducted to understand their

views about labs so that they can be taken into account to make the physics labs more

effective. Few prior studies have used in-depth semi-structured individual interviews with

students to obtain feedback on their views on the introductory physics labs [147, 275]. The

interviews focused on diverse issues including the roles of their male lab partners, other peers

and the TA in their learning in the physics lab, their views about learning physics in lecture

and lab courses, the role of physics labs in promoting conceptual understanding, learning in

physics and other science labs, and the role of bio-inspired labs on their learning. Since the

physics lab is a collaborative learning environment, the nature of effective collaboration [52,

206, 212] is a thread that runs through the interviews.

This chapter reports on a sub-set of those observations and interviews. We focus on

the experiences of women who demonstrated a highly level of agency and acted as group

leaders or project managers (or ‘Hermiones’, to use terminology from [74]). There are three

reasons why it is valuable to focus on the experiences of this group of students. First, we
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note that these students form a unique group whose voices have rarely been heard in a

physics context. The design of physics learning experiences tends to focus on the needs

of average or ‘typical’ students, and thus fails to account for the needs of women who are

group leaders. Standpoint theory, as part of our theoretical framework, suggests that we

ought to listen to these students, in particular, since their needs are not being adequately

accounted for in traditional lab instruction. Second, in our ethnographic study, we noted

that gender differences in student group work were quite salient. Women often took on

certain roles and carried out group work in physics classes in a manner that is not equitable

or inclusive, perhaps due to societal stereotypes and biases about who belongs and can

excel in physics [79, 161, 197, 260]. This type of gender dynamic in the context of physics

has been referred to as “doing gender” while doing physics [61, 115, 302]. We focus on

the women who are group leaders because they “do gender” and physics in a way that

allows them to uniquely maintain a high level of agency as learners. This is an example of

gendered task division in the physics lab [62, 74, 141, 237]. Finally, we choose to focus on the

experiences of women in physics because of the many additional challenges faced by women in

physics, which have acted in some cases to decrease women students’ self-efficacy [157, 205],

identity [155, 156, 201], and learning outcomes [2, 30, 116, 127].

Thus, in line with our theoretical framework, this study seeks to understand the experi-

ences, values, expectations and goals of women who acted as group leaders in an introductory

physics lab. Specifically, we seek to address the following research questions:

1. How did these students perceive their (possibly gendered) interactions with their lab

partners, other students, and the teaching assistant?

2. What types and forms of learning experiences did these students value in the physics

lab?

3. How did the physics lab compare with their other lab courses?

4. What elements of the physics lab were engaging, interesting, or effective for these stu-

dents?
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4.2 Methodology

In order to investigate students’ introductory physics lab experiences and interactions,

we first conducted ethnographic classroom observations discussed elsewhere [74] and then fol-

lowed those observations with semi-structured interviews [58] with students in traditionally-

taught introductory physics labs at a large research university in the US. The investigation

was conducted by the author and his supervisor, each with more than a decade of experience

as a physics educator. Throughout the investigation, the two collaborated extensively to

plan, conduct and analyze the classroom observations and share reflections. For the portion

of the broader study we focus on here, the participants for the semi-structured hour-long

individual interviews were four female pre-medical students with high agency who the au-

thor observed to be group leaders throughout the semester in a traditionally-taught (highly

structured) introductory physics lab course for bio-science majors and who strived to ensure

that their group did well in the lab.

Since some introductory physics labs are integrated with lecture courses while others are

taught as separate courses, we note that our participants were students enrolled in a stand-

alone introductory physics lab. This semester-long introductory lab requires the second half

of a two-semester introductory physics course as a co-requisite and is often taken in the third

or fourth year of students’ college study. The majority of students who enroll are bio-science

majors with an interest in health-related professions. Approximately 55% are female and

45% are male students. The labs are run by postgraduate student teaching assistants (TAs),

who are also responsible for grading the lab work. enrollment is capped at 24 students per lab

session and there are several sections running simultaneously in the same semester. Students

are graded for completion of their work and, apart from a post-lab exercise, partners receive

the same grade for in-class activities. The introductory physics labs have a reputation for

being easier than other labs typically taken by students in this course such as the labs for

introductory biology, introductory general chemistry or organic chemistry. Students who

attend all 12 introductory physics lab sessions typically receive at least a ‘B’ grade and most

receive an ‘A’ grade. Students in the physics lab worked in groups of two (or sometimes

three) to complete the lab procedure during a 3-hour period. Our observations suggest that
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students self-select their partners at random on their first lab session, as they sit down at

an open lab bench. The exception is a very small number of students who partner-up before

they arrive in the lab. However, we generally see no significant differences in how these lab

partnerships operate. Once formed, groups generally tend to stay together unless the TA

requires a re-shuffling (not relevant for the investigation discussed here since there was no

re-shuffling for students involved in this study).

Based on the ethnographic study described elsewhere [74], we identified students whose

perspectives and experiences would include a cross-section of students who enroll in these

types of lab classes, and who could articulate their experiences in individual interviews.

These interview findings then would be valuable in order to improve the lab. Approximately

half of the students who were invited to participate for hour-long individual interviews volun-

teered to be interviewed. Since our ethnographic observations suggested differential gender

effects in group work in the lab with negative impacts on women, we interviewed more women

than men. In addition, we invited more students from mixed-gender partnerships since there

was more inequity observed in our ethnographic lab class observations in these groups than

in same-gender groups. In particular, we observed that students who worked in same-gender

groups tended to collaborate with each other more effectively and equitably. Therefore, in

our broader study, the pool of 18 interview participants included 13 who identified as female

and 5 as male students. This research was carried out in accordance with the principles

outlined in University of Pittsburgh Institutional Review Board (IRB) ethical policy with

approval number/ID IRB: PRO15070212. All participants provided consent for this research

and the names are pseudonyms to protect their identity.

Here we zoom in on the voices of four female students who acted as group leaders in

the physics lab. All of the four pre-medical female student leaders who participated in

the individual interviews discussed partnered with others in the physics lab early in the

semester and stayed with them throughout the semester. All four were US citizens. In terms

of race, one female student, Zara, was Black (she had two lab partners, one of whom was

a male and another was a female student), two female students, Kamala and Janet, were

Asian (Kamala had a White and an Asian male as her partners and Janet had a single

White male as her partner) and one female student, Natalie, was White (with a Black male
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student as her partner). All students’ names are pseudonyms. We note that for these pre-

medical students who are intending to go to medical school, physics is a required course and

materials related to physics are part of the medical entrance exam (physics makes up 25% of

the exam) that students take that is weighed heavily in medical school admission, alongside

other requirements [133].

Drawing on our observations, we assembled and refined a list of potential interview

questions via an iterative process between the two researchers to serve as our interview

protocol. These included questions about the student’s background and prior lab experiences;

interactions with their lab partners, other students and the TA; thoughts on the structure,

mechanisms, and effectiveness of the course; and experiences with task division, including

gendered division of labor as well as their views of learning physics in lecture vs. lab courses,

the role of physics labs in promoting conceptual understanding, learning in physics vs. other

science labs and the impact on their learning of labs that included biological and medical

applications (such as blood pressure, a model of the eye, and an EKG). Despite the long list

of questions, we made these semi-structured hour-long individual interviews conversational

in nature to give interviewees the opportunity to express themselves freely, dig deeply on

critical issues, and remain comfortable. Most participants required little prompting and were

very keen to share their thoughts with us openly. All interviews were audio-recorded and

transcribed.

4.3 Results

Before delving into the feedback received on various issues, we emphasize that the four

interview participants whose views we elaborate upon below had all assumed leadership

roles and were taking full responsibility for ensuring that the task got done in the lab each

week. In particular, they took initiative to bring back to task those in their groups who were

distracted by non-lab related things and delegated appropriate tasks to them throughout

the lab to keep them engaged. However, our ethnographic observations suggest that because

these women leaders spent a significant portion of their time managing their groups’ lab
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projects each week and making sure their lab partners stayed on task, they themselves were

often prevented from having the opportunity to actually dive into the lab activities in-depth;

e.g., they did not get adequate opportunities to tinker with the apparatus in the lab.

4.3.1 Views About Their Physics Lab Partners

While these female student leaders recognized that if they did not take on the leadership

role, things would not get done, overall they found the lab experience to be more positive

than their experiences in their large introductory physics courses in which they felt invisible

and had even greater self-efficacy issues. Thus, their stressful leadership role in their group

in the physics lab at least made them feel somewhat more valued than their experiences in

their large introductory lecture-based courses.

Elaborating on the interactions with the two male students in her group, Kamala noted

that “the lab is set up in such a way that you’re forced to interact with other people, which

is good” and added, “but in my group it’s a weird dynamic, where the two of them will

be unfocused and playing solitaire or something and I’ll try to be doing the lab.” Then,

describing her interactions with her lab partners further, she stated, “In my group it’s my

responsibility to know what’s happening next usually... They just expect me to know what’s

happening but that’s fine...” She also noted that both her male partners claimed that she

was better at physics than them but she does not think so because “it just comes down to,

are you reading? You should be reading it [lab manual] before..” Thus, Kamala discarded

the idea that she was better at physics than her lab partners and attributed her ability to

get the lab work done successfully to her efforts and preparation before coming to the lab.

Similar themes were echoed by the other women leaders.

Also, interviews suggest that none of these women felt that they had developed a good

grasp of physics either from their lectures or from the lab. In fact, despite their leadership

role in their group, interviews suggest that these women often had lower physics self-efficacy

than their male peers and let their male partners do most of the tinkering with the lab equip-

ment. For example, explaining why one of her lab partners does the majority of the tinkering

Kamala noted that her impression was that he was extremely adept at handling equipment
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and, therefore, he did well tinkering even without reading the lab manual. Similarly, express-

ing a gendered view about physics learning, Zara said, “When you’re first getting into it,

you do look around at your other guy friends or whatever, and there’s maybe a subject that

they understand and you’re just not getting it, and you feel like maybe this isn’t something

for me.” Zara also admitted that in physics 1, which was a lecture-based course, she felt

even less confident than in the lab, stating “it felt like a lot of the other people in my class

were getting it and understanding it. And I wasn’t.” She felt better about her standing in

the physics lab due to her leadership role than in the physics lectures, acknowledging, “I’m

kind of the leader of the group. If I wasn’t there, it would be a detriment to the rest of the

group.”

Zara also confessed that she had taken on the role of the group leader because of lack of

interest from her physics lab partners stating that they were often not prepared for the lab

and it became her responsibility to understand the lab and make sure her group completed

it. Then she admitted that “...I think those aspects made it difficult” for her. However,

she then added, “I feel like in some ways I enjoy the lab more than my partners. So to get

through the lab and to understand it and do it, I end up delegating I guess...” She further

elaborated on how she motivates her often unfocused lab partners to do the tasks that she

delegates to them by reminding them that if they finish the lab early, they can get out before

the end of the three hour long lab period, stating, “I think both of them want to get out of

the lab...so if I don’t say, come on guys, let’s go, it will just prolong the whole process of

doing it...”

Zara also had some suggestions for how instructors may be able to increase individual

accountability in physics labs, saying, “I was thinking, maybe, I don’t know how well this

would work, if it was a group of however many, if each partner had to do their own part. You

know what I’m saying? I don’t know if this would end up happening, but if each partner had

to be the leader for each part, that would get more people engaged. But I don’t know how

I would implement that into the groups without one person being like, oh, I understand it

I’ll do all the leadership...”. She also wondered whether physics labs could potentially make

each student more individually accountable by reflecting on how each person was responsible

for certain things in her anatomy lab: “In anatomy, we learn about all the different muscles.

52



In the lab practical, we have models and we have to identify muscles, where they start and

where they end on the body. So if there was a lab practical for a physics lab, you would take

a section of the physics lab, [e.g.,] circuit thing, and each student would have to show you

how to do one of the circuits, direct or...”

Natalie’s views about her lab partner were similar. Reminiscing about her interactions

with him and why she ended up becoming the group leader, she said, “The way I understood

him, he was just there to get it done and leave...” She then added that because he did not

put in the effort, she had to step up her contributions in each lab in order to make sure

the lab was completed appropriately. Natalie further noted that her lab partner was totally

against spending any time on optional lab activities that would have helped them with better

conceptual understanding of the underlying physics. She stated that, since she wanted to

develop a deep understanding of physics, at the beginning of the semester she did optional

analysis questions in the lab manual but her lab partner was upset and said that there was

no reason to do those and so she reluctantly gave up on that part. Elaborating further on

her partner’s attitude, Natalie said that it was not just her partner who did not care about

learning in the physics lab and emphasized that this type of attitude was typical of students

in the physics lab particularly because there was no individual accountability. She stated,

“I know there were a lot of people that had that same idea. They just wanted to get in, get

it done with, and they weren’t really getting much out of it.”

Janet’s reflection about her lab partner also falls in the same category as the other

interviewed women leaders. She said, “...he isn’t too involved, and I have to push him to

do it.” Janet also stated that she cared about learning physics in the lab. She also tried to

justify her partner’s attitude towards the physics lab by confessing that many students in

her class don’t care about the physics lab particularly because of the way it is structured

and incentivized, saying, “The attitude of students in the class about physics lab, it’s more

so about just finishing the lab and less so about actually learning something.” She further

elaborated on the students’ general attitude in her physics lab, saying “Oh, let’s just get these

numbers and get out of here. So no one’s really understanding, if this circuit is connected

improperly, how can we fix it? People just want answers. They don’t want to think about

it themselves.”
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Janet further reminisced about her relationship with her lab partner who wanted to do

the minimal amount of work and who insisted that they ask the TA about every question

that came up as soon as the opportunity arose so that they did not have to think about

anything. She said that he insisted that this way they could get done more quickly with

the physics lab without needing to apply themselves, stating, “My lab partner and I have

a different dynamic. But then I would push him to be like, okay let’s try this. It would be

better for us to just figure it out on our own rather than just ask for answers.” Janet also felt

that the incentives for individual accountability and learning physics were very low in the

physics lab, which dis-incentivized students from applying themselves. She also suggested

that group work in the lab would work well if “they also want to take something away from

this lab, to learn something so they can apply it somewhere else. It’s hard to get that

mentality in other students. You know what I mean?” Individual accountability is indeed

important if we want all students to engage in positive inter-dependence and make an effort

to learn from the group work.

Janet also noted that her physics lab partner at least did things when she asked him to

do something and that, in comparison, she had much worse experiences in other past labs,

stating, “physics lab is not the best, but it’s also not the worst. I’ve had worse experiences

[in different lab courses] because my partner wouldn’t do anything”. Then she reflected on

her views of what a good lab partner would be like saying, “I feel like a good lab partner

should be someone who has the same goals as you with regards to what they want to get

out of the class.”

4.3.2 Views About Peers in Other Groups and TA in Learning in Physics Lab

Interviews suggest that these female student leaders in the physics lab felt that working

with other students not just in their group but in other groups often worked even better than

asking their TA for help in clarifying their doubts and it greatly reduced their difficulties.

They felt that not only were their peers in other groups more readily accessible but since

other students had just encountered those difficulties recently, they often understood their

difficulties better than the TA. Also, other students’ explanations were often better than the
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TA’s since they explained to them at the level they could understand them. For example,

Zara noted, “Just because the TA is not always around, especially if the lab is a little bit

more difficult, it’s hard for him to get around to all the groups when we all have questions.

So working with the other group is really helpful...I think hearing it from a student, they’re

on the same level as you, they understand where you’re coming from, so it definitely helps to

hear an explanation from a student instead of a TA.” Then she added that she was always

happy to reciprocate, stating, “If they’re struggling with a part that we’ve already done then

we’ll help them, and it’s back and forth.”

Zara also stated that she often liked to double check with peers in other groups and get

their perspective on the experiment they were conducting each week, stating, “It’s definitely

helpful to get another perspective, especially if my partners also don’t understand what

we’re doing or the part of the lab that we’re doing, then the other group always happens

to know something that we don’t. And sometimes we’ll know something that they don’t...

I think it’s really collaborative, and even better in that we’re both trying to figure things

out.” Encouraging students to take advantage of the expertise of peers in other groups could

further motivate students to engage in such productive discussions and help students from

both groups [52, 206, 210, 212, 267].

Regarding their TAs, these female student leaders generally had positive things to say;

however, sometimes they felt that the TAs were not adequately prepared. In particular,

they sometimes found the TA’s instructions to be confusing and preferred to ask their peers

for help. For example, Natalie felt that the TA did not have a very good understanding of

the lab and he did not even think about and try the lab out carefully before the lab like

he should have. Expressing her concerns, she stated, “He seems to have an understanding

of the lab generally but not in depth.” Then she added how she would prepare better for

teaching the lab if she were the TA, stating, “If I was teaching the physics lab then maybe I

would do the experiment before and go through all the steps. That way I would understand

what my students would be doing, and if they got stuck on something then I would have

done it beforehand, so I know what should be right...” Making sure that TAs have actually

thought about and tried the experiments ahead of time before the actual lab class is indeed

important.
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4.3.3 Lab and Lecture Courses

These female student leaders who were interviewed explained how the lab and lectures

were different. They pointed out that just because someone was good at concepts learned

in the lectures, it did not mean they would also do well in the lab and vice versa. They

were also generally disappointed that the physics lab course did not help them develop a

deeper understanding of the physics concepts, something that was also very important for

their medical entrance exam they would be taking in the future.

For example, expressing such views Kamala noted, “Learning the theory is very different

from showing up and seeing the equipment. I learned about what a spectrometer does from

general chemistry. But I never learned what a spectrometer is and how to set it up. Those

are two different things, right? Like, we’ve seen pictures...” Then trying her best to connect

what she did in general chemistry to the pertinent underlying theoretical knowledge, she said,

“but my point is... the machine I was talking about gives mass-to-radius ratio of the peaks,

right?” Interviews suggest that there may be some confusion pertaining to the difference

between a mass spectrometer that separates particles with different masses and the kind

of spectrometer students were using in the physics lab to split white light into a colorful

spectrum with different wavelengths separating out. It may be useful for physics instructors

to explicitly discuss with students that different types of spectrometers may produce spectra

of different types of things.

Giving another example from her physics lab about how theory and experiment are very

different, Kamala said, “I’ve known what a parallel circuit is since 11th grade. But setting

it up, sometimes, having that conceptual understanding, it looks so different than it does on

paper. When you set it up there are so many wires. I was like, I don’t know what’s going

on.” Then expressing her frustration at the fact that the physics lab did not even help her

develop confidence in being able to set up a parallel circuit, she added, “But I think at the

end of it I should be confident I can set up a parallel circuit and I don’t think I am regardless

of how much theoretical understanding [I have] and how many problems I can solve.”

Kamala expressed disappointment about the fact that the physics labs were such that

they did not provide incentive for or focus on conceptual understanding of physics related to
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the experiments and, instead, were mainly focused on carrying out apparently-meaningless

procedures. For example, she said, “like in optics, you can figure [it] is a diverging lens,

a converging lens, where’s the focal point? Then when you do this experiment you should

understand why an image is flipped versus why it’s not flipped, right? But if that connection’s

not strong enough, the lab is pointless, because it feels like you’re just following a bunch of

instructions, and you’re writing a bunch of stuff down...”. Kamala also felt that the focus on

making connections between experiments and concepts that was lacking in her physics lab

is more important for physics than for the other sciences that she is familiar with, stating,

“With physics especially, that’s so important because so many of the concepts are very

abstract... In chemistry it’s easier because you do chemistry for longer, especially if you’re

premed, we take chemistry in high school. So we’re more comfortable with the subject in

general. And because it’s less particle-based, and you can see a color change or you can feel

heat, so you can feel things going differently, whereas in physics...even in my lab partners

I can see that. They might do okay in exams and stuff, but translating that is harder in

physics than in chemistry for most people.” These types of concerns from students about

carrying out meaningless procedures and not getting much out of the physics lab should be

taken seriously.

Out of all the four interviewed female students, Zara appeared to be most guarded about

not blaming others for her not learning satisfactorily in the physics lab or lecture courses.

She described how labs were different from lectures and the inevitable frustrations pertaining

to getting things to work in the physics lab, noting that, “I don’t know how to prevent the

frustration of doing the labs, because it’s something you have to figure out. But you can

give guidance to an extent, you can ask questions and stuff, but at the end of the day it’s

trial and error. You have to do it and see if it works or not.” She also explained why she

liked the physics lab much more than physics lectures, stating, “I definitely think the lab is

my favorite part because, like I said, it’s a lot more collaborative, it’s a lot more hands-on.

The stuff you learn in lecture, or even just in the lab manual, it comes to life. It’s like, yeah,

physics can be fun... I think it’s interesting because compared with before where I didn’t

know anything about physics, now I’m helping my group navigate it.” It is clear that despite

the burden of being the project manager for her group, Zara takes pride in being the group
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leader and has a higher self-efficacy in physics lab than lecture.

Natalie also felt that she liked the physics lab better than physics lectures, stating, “I

know that I benefited from that because I don’t do well in lectures. I tend to space out

sometimes... But with the hands-on portion I was able to interact with it so I got a better

understanding with it.” However, she also expressed frustration at the fact that there was no

incentive in the lab for reflecting on and making connections with physics concepts, stating,

“Most of the time it would be, okay, this happened, just write it down. And I didn’t have

a lot of time to really integrate with that information.” She also felt that it would be good

for the TA to be involved in helping students make the connection between the experiment

they were doing and what it meant conceptually: “Maybe if the TA somehow integrates it,

explains it to us in more of a conceptual base, that might help us understand the lab...”

Natalie then reflected on her introductory physics lecture class and stated, “I understood

a lot of concepts, I didn’t really learn as much as I could have...” She also felt compelled

to contrast the traditional lecture approach with how she learns quantum on her own, a

subject that she is very interested in, stating, “The way I learned quantum is, I hike a lot.

So I was hiking with a bunch of my friends. We would just sit and discuss these concepts

and string theory and talk about quarks and leptons and stuff like that. We would just

talk about it because we were interested. And we would throw different ideas and throw

different hypotheses: big bang theory, why the universe expands, wormholes. And it was

very conversation-based. We didn’t do a lot of calculation. It wasn’t talked-at you. It was a

conversation. It was really cool.” Reflecting back on her introductory physics lecture courses

again, she recapitulated why she found them ineffective, stating, “But with the lecture it

was almost dry sometimes. It was, you have a ball falling out of a plane. It’s going to do this

because of gravity...I understand the concepts very well, I didn’t understand the equations

very well and why they integrated in that.” Thus, Natalie emphasized that she would have

liked more meaning-making opportunities both in physics lab and lecture.
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4.3.4 Understanding Physics Concepts

As discussed in the previous section, these female student leaders who were interviewed,

valued learning physics concepts and felt that the physics lab fell short of helping them

develop a deep understanding of the underlying physics concepts. They felt that the lab was

too focused on plug-and-chug approaches and getting the experiments to produce the data

and then plugging the numbers into the physics equations to get an answer. For example,

Kamala noted, “The lecture gives you the actual equations and the calculation background.

But if we come and see this random machine... If the point of this lab is to get us to

problem-solve and troubleshoot, then I think it’s definitely doing that. But if point is to get

us to understand how the physics is applying to the machine, I don’t think that’s necessarily

happening.” Kamala was frustrated by how they were spending all their physics lab time

getting the experiments to work but there wasn’t any incentive or focus on understanding

what was actually happening and why. Venting her frustration with the disconnect between

conceptual understanding and what was happening in the lab, she described her last physics

lab experiment: “In the last lab, I turned the plate 90 degrees and the slit is here, and

in the lab it says, now the rays are parallel to what you’re seeing. But why is it parallel

and how is this set-up making it parallel? I probably couldn’t tell you. Does that make

sense? Because there’s a disconnect between me knowing what a diffraction grating is and

me knowing what the speed of light is and me seeing this machine and knowing how turning

something changes.”

Natalie returned to contrasting how she effectively learns quantum concepts via discus-

sion with her learning in the physics lab by elaborating, “my boyfriend and I just talk about

it [quantum] for hours and hours... I like understanding things rather than just observing

and writing things down [as in the lab]... I like having the concepts behind when it comes

to stuff.” She also emphasized how learning concepts makes her feel she really has a good

grasp of the physics topic and it makes her feel confident, explaining, “I love understanding

concepts, I want to get the most that I can out of it... Once I understand the concepts, I

get confident.” She then made a transition from the physics lab to her college courses in

general stating she always likes to think deeply about concepts in her other courses also but
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the STEM courses often have too much material thrown at students and don’t necessarily

give them an opportunity to think and understand. Reflecting on these issues she stated,

“I like to apply that to every class that I go to. I want to get the most out of it... And in

STEM there’s a lot of information thrown at you. Get it done, move on to the next class.

Learn it, get it done with, move on to the next class.” Then assuring herself that she is

not alone and students at all colleges are facing similar situation she said, “Not just at Pitt,

at every college I’ve had my friends go to, I’ve talked to. It’s just a lot of shoving down

information. You don’t really have the time to understand the concepts.” It is important for

physics instructors to take these reflections from students seriously and strive to balance the

amount of materials covered with providing sufficient opportunity for students to actually

understand what they are learning.

Natalie also opened up and described how people she has encountered in life have had very

different opinions about her ability to succeed in science and medicine depending on whether

they understood her quest to grasp concepts and be challenged or not. She reminisced about

the countless times when people did not believe in her ability to be able to do science all

the way from K-12 to college and those reassuring times when they actually believed in

her. In particular, she said that she asks a lot of questions because she really likes to learn

concepts and be challenged. However, many people misinterpret her deep quest for learning

and think that she is asking questions because she is not capable of understanding quickly.

With sadness in her expression she stated, “A lot of people told me no. I had tutors tell me

I could never become a doctor, I could never go into something like neuro. I could never go

into... because I wasn’t smart enough, when I really just wasn’t challenged enough. There’s

no reason for me to try if you’re just going to tell me the same thing over and over.”

Then she reminisced about the science classes that really engaged and challenged her and

validated her as an individual who has enthusiasm for deep thinking. She felt recognized

in those classes and those courses helped her learn to think like a scientist. Recalling two

of those classes she said, “There was this one class I took my freshman year, Brain and

Behavior. It was my first neuro class at Pitt. And I talked to the professor, she went over

something very slowly, she went into depth, she went into all the details. I was able to sit

down. I spent the rest of the day coming up with ideas. I went up to her and I started

60



talking with her about all these ideas I came up with, research ideas, with it. And I was

really interested in doing that kind of research, there isn’t a lot of papers out there about

it. And there was another class that I took, it was functional neuro-anatomy. We talked

about the visual system, and why something didn’t work. And the teacher gave us time to

really think about it. And all of us in the class were asking questions, trying to understand

it, trying to work with the material, to come up with different research proposals.” Then

contrasting these thought-provoking science courses with other classes, including the physics

classes which she felt were not as thought-provoking, she stated, “And then suddenly we’re

getting pounded with material left and right...And it just comes in and goes out. You don’t

really have time to absorb it, think about it, and generate. I think that’s a problem with

colleges all across.”

Janet also made it abundantly clear that she cares about learning physics concepts,

stating “Especially things like flow viscosity and things like that, where we look at that with

our blood flow. It’s so important to our biology. I feel like all sciences merge together.”

4.3.5 Comparison of their Chemistry and Biology Labs with Physics Lab

All of these female group leaders in the physics lab felt that their chemistry labs were

the most effective in helping them learn concepts and helped them integrate whatever they

learned in the lab with the lectures. They also liked the fact that their chemistry and

even biology lab’s main focus was not on manipulating lab equipment, collecting data and

plugging them into equations to spit out answers, which seemed to be the main focus in their

physics lab. A mismatch between their expectations and the actual focus of the physics lab

often seemed to frustrate them about why there was such a lack of focus on conceptual

understanding in their physics lab.

For example, describing her chemistry lab and comparing it with the physics lab, Kamala

noted, “A lot of chemistry is knowing what reagent to add in excess, and what doesn’t need

to be added in excess. And they’ll explicitly state, i.e., the lab TA, before we start the lab,

why are we adding this in excess? Because XYZ reason. Or why are we... even there, maybe

there were some points that were lost in translation but even there I felt like I understood
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more of why I was doing something than I did in physics lab.”

Reminiscing about a physics lab experiment that she already had a good grasp of before

doing it, Kamala stated, “...there’s some labs that are more obvious to us. Like the eye one,

there’s a lens. Probably because I’ve done a similar thing in high school, so this was the

second time around, so it’s more likely I’d understand. But it was more apparent to me

what was happening. We were pumping fluid into the eye, so we could see the lens changing

shape, right? So if you know enough conceptual things, like this is a lens, you’re more likely

to understand why you’re doing something.” She contrasted it with physics labs in which she

had great difficulty understanding anything due to her unfamiliarity with relevant concepts

before doing the lab and the fact that no incentive or support was provided to understand

them. For example, about the diffraction grating lab she recently encountered, she stated,

“Especially when we encounter a machine like we did this past week, there’s really nothing

in your past education that shows you what this machine is supposed to be doing. At least

for me, it wasn’t necessarily clear what we were supposed to be doing. There was a thing

you were looking through, and there was another tube, and an angle you were changing. I

get that light is hitting this plane that is reflecting back at us, but I think that clarity about

knowing this is what’s happening was not there. It was kind of magical, right? Like, we

turned it and... somehow we got a diffraction grating. But I couldn’t tell you why exactly I

was doing each step.”

Kamala also had similar views about her chemistry and physics lab reports and stated,

“Our lab reports in chemistry are more conceptual. The questions we’re asked are more like,

why do you do this? ... It’s not like, take this data and do a bunch of calculations and give

us numbers. That’s what our lab reports are like in physics.” On the other hand, about

her physics lab she felt, “because the evaluation is not conceptual, we’re less likely to push

ourselves to understand why something is happening”.

Zara recalled that her bio labs motivated all students to understand concepts well by

requiring poster presentations, stating, “The other labs that I’ve been in are SEA-PHAGES

in the biology department... At the end of those labs, the end result is producing a poster.

In that sense, everyone has to understand what’s going on because you’re presenting it to

other people. When you have the poster presentation, one person does one section, and
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another person can do another section, but they also encourage students to understand

the entire poster themselves, too.” Physics departments should also consider giving similar

opportunities to students to present in poster format to their fellow students and instructors.

Similar to Kamala, Zara also emphasized how chemistry labs focused on concepts, which

she found to be very useful. Reminiscing over the pre-labs assignments in different labs and

how the physics lab was different she stated, “In one of my gen chem labs... you would have

to explain things more. Whereas in physics it’s like the pre-labs are, like, using equations

to figure out an answer... In the gen chem labs, it’s going into detail about how you explain

the stereochemistry or how you explain... it’s like applying concepts. So even if you didn’t

understand a certain mechanism, they’d take that concept and put it into something else for

you to explain, if that makes sense?”

Natalie talked about how much she enjoyed and benefited from her research-based labs

in chemistry: “I really like the research-oriented ones because it pushed me to really use

the material I learned in a novel way. I’m applying to something that not a lot of people

have seen what happens. You can’t predict the results. You really have to have a strong

understanding for what’s going on in order to apply it.” She particularly appreciated the

fact that these chemistry labs were asking students to apply concepts to situations they

had never encountered before in any courses, stating, “...it’s really trying to push past the

boundaries of what you’re taught in the classroom, because you have to apply things and

come up with new things in order to understand what’s going on.”

Recalling her chemistry lab Janet said, “those labs helped us figure out, oh, that’s how

you do the calculations based on those numbers based off this data we just collected.” She

lamented that in physics lab she does not feel the same connection between the experimental

work she is doing and the concepts. It seemed to her that they are just collecting data with

one equipment after another and churning answers using physics equations without under-

standing the concepts. However, Janet acknowledged that she appreciated the few times she

was able to discern how physics and chemistry labs connected with each other. For example,

she found it revealing that those labs used spectra and spectroscopy in different ways, stat-

ing that in the physics lab “seeing the light and the different spectrum. It’s very different

from the spectroscopy that we see in chemistry. So I thought that was pretty cool. Seeing a
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similar machine but in a different way.” Thus, similar to Kamala, Janet was excited about

having spectroscopy used in both chemistry and physics contexts. Physics instructors can

take advantage of these opportunities to help students reflect upon the underlying similar-

ity and differences between different types of spectroscopic devices/measurements and have

students discuss the connections between the chemistry and physics contexts students have

encountered.

Janet also expressed great enthusiasm for the connection between her bio lab and research

she was doing with a professor, “I was working with RNA primers... DNA replication, qPCR.

These are things I learned in class and I was like, oh I’m seeing this in real life. And that’s

what the numbers look like, and that’s what they mean in regards to what I’m learning in

class. And I thought that was really interesting, to see that connect is really great.” She was

really excited about being able to interpret data and make the connections, stating, “Oh,

this is what’s happening. I was able to see. I got numbers from qPCR, for example, and that

tells me this protein is expressed this much in that area of the brain. And so that tells me

those cells in that brain area are being regular to produce this much protein. And then, from

that I was able to say, oh, we can see what’s being down-regulated/up-regulated in different

people. And those concepts kind of connected back to what I learned in foundations of

biology. Oh, I learned about DNA replication, I learned about how we go from DNA to

RNA to protein. And I learned about how the amount of RNA you make affects the amount

of proteins you’re going to make. I could see all those concepts connecting to what I was

doing in research. And that was very meaningful to me because I was doing something I

learned about.” She was disappointed that physics lab did not provide such opportunities.

4.3.6 Interest in Bio-Inspired Physics Labs

All of these female student leaders noted that they appreciated being able to see the

connections between biology and physics via biology-inspired physics labs. For example,

Kamala noted, “I really liked the eye one... it’s a direct application between optics and

light. You can see the lens getting big. You are literally pumping water into it with a

syringe. I thought that was very cool but I’m biased because I’m premed... We did an EKG
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thing and ECG. That was cool too... I’m in human physiology... I was really excited. PQRS

waves! I know what valve was closing too! I knew the physiology behind it, so seeing an

EKG was really exciting! I think I did it on my partner, or we were doing it on our partner,

and it was fun.”

Kamala also said that she would have loved to do more bio-inspired physics experiments

that were not among those she actually got to do, “like learning the mechanics. This is

still torque, me moving my arm. But doing an experiment on that would be cool because

that’s the foundation... especially when most of the students in this class are pre-health in

some way.” It would indeed be valuable for physics instructors to take advantage of student

interest, e.g., in biology, in developing physics labs.

Discussing how much she liked certain labs that focused on bio themes, Zara said, “Learn-

ing about the eye kind of overlaps with the anatomy that I’m interested in. Seeing different

converging lenses and diverging lenses, how that’s involved in physics 2 I think was really

cool. And the EKG... it was really cool to see how the heartbeat was looking on the thing.

And being able to understand it was really cool too.”

Natalie felt that application-based labs would definitely be the best for students who

were not physics majors, stating, “I know that a lot of students in that lab are pre-medicine.

So by making it more application-based to the world, not just medicine, maybe it might

have students get more out of it”. Then she described the value of taking a neuro-physiology

course at the same time as the physics lab in which she was learning about circuits and how

she was able to make the connection between the two course materials: “The circuit labs I

found very useful. I’m also taking neuro-physiology right now, which is heavily physics-based,

so that helps me apply it to other classes.”

Natalie also reflected on how she was trying to make the connections between her physics

lab experiments and what she had learned in other courses but sometimes those connections

were not easy to make, stating, “Other labs like... the heart monitor was pretty cool, just

because it was applicable to me. The EKG... and I know there’s a lot of parts because there’s

a lot to cover around that topic. But something like the heart monitor, I didn’t have time to

understand why the T-wave was inverted if I put the black electrode on this arm versus the

other arm.” It was clear from the discussions that providing scaffolding support to students
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in order to make these types of connections between biology and physics would increase

student engagement since many of them really want to understand those connections.

4.3.7 Mechanics vs. Other Physics Lab Experiments

Three of the four female lab group leaders expressed more positive views about the

physics lab experiments that focused on mechanics but Natalie was more enthusiastic about

the other physics experiments that focused on electricity, magnetism and optics. Kamala

noted that without much support for understanding what was going on in the physics lab

experiments, she liked the mechanics experiments the most because they were easier than

other topics to grasp on her own, stating, “A diffraction grating, you can’t see the light, you

can’t see the rays, you don’t know what’s causing this. So if you don’t know why something’s

happening, there’s really no basis to understand what you’re doing. Whereas in mechanics

there is. You can see something is falling. You can see something is slowing down.”

Janet also noted liking mechanics labs, stating, “I really enjoyed the first lab, the roller

coaster... you drop a metal ball. Those are really fun because you see the effect of gravity

on different weights of the ball. I think something that could be better is, instead of just

testing two balls, what if we tested different materials? Like, how does the material affect

the weight and all that stuff, and what could you predict as the distances and stuff like that?

That’s something that’s interesting.”

The only student among them who was more enthusiastic about other experiments and

did not care much about mechanics was Natalie, who said, “I know the ball dropped, I’ve

observed gravity my entire life. I don’t get much out of that lab.” In other words, Natalie was

more interested in experiments that were novel and different from what she had experienced

in her everyday life. Focusing the introductory labs on a wide variety of physics topics would

serve students with different interests.
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4.4 Summary, Discussion and Implications

Feedback from students who have taken the lab can play a critical role in revamping

and designing effective labs to improve student learning. This feedback can help physics

departments refine the goals of their lab courses and make them more consistent with what

would be most effective for students with a certain background and future professional as-

pirations. The feedback can also help instructors understand how to frame their instruction

and achieve buy-in from learners in a way that usefully aligns course learning goals with the

expectations and values of students.

We have used a theoretical framework that combines the principle from cognitive science

that it is important to understand students’ knowledge and values with the principle from

sociology that students are best positioned to describe the challenges they face and poten-

tial resolutions for those challenges. Our investigation involved hour-long semi-structured

individual interviews with four female lab group leaders who were enrolled in a traditionally-

taught introductory physics lab for bio-science majors and who took on the role of project

managers in their lab groups throughout the semester. The ethnographic lab observations

that the author and his supervisor conducted suggested that these female students who were

project managers in their lab groups had full responsibility for managing their groups’ lab

work and making sure that the lab work was done appropriately each week [74].

We find that there were inequities in group interactions, e.g., some group members such

as the interviewed female students stepped forward to fill the vacuum in their lab groups.

They became group leaders and had a disproportionate level of project management respon-

sibilities. Although some of them mentioned taking pride in being the group leader, explicit

efforts should be made to make the group work more equitable in physics labs so that one

person does not have disproportionate amount of burden for making sure everything was

done each week by the lab group [74, 141, 237]. One suggestion to make the physics lab

equitable that came from the interviewed women was increasing individual accountability

and making sure that at least part of the lab grades were assigned based on each individual’s

effort and understanding instead of collectively for each group. Also, regularly changing

group composition may help to reduce certain types of inequities in the group work that
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was observed. An often-recommended approach is to assign and rotate roles within each

student group. Another important recommendation is to not isolate minority students, e.g.,

one woman in a group with two or three men, since these types of situations make women

particularly vulnerable to taking on an inequitable gendered role [126]. Providing both indi-

vidual accountability and support for collaborative strategies that empower all students to

contribute equally could improve the effectiveness of student collaborative work [52, 267] in

the physics lab.

Furthermore, due to the aforementioned societal stereotypes about who belongs in physics

and can excel in physics, fixing the gendered nature of the physics labs we found in our inves-

tigation may also require long term efforts [220]. For example, increasing the representation

of women in physics particularly in leadership positions, e.g., in the form of female TAs

and professors, could be helpful [23]. When asked what can be done to improve the physics

self-efficacy of women like her, Zara said, “maybe having more women in science, more rep-

resentation with women professors. Like, seeing yourself in the professors, I think that would

definitely help with other female perspectives going into physics class.” The self-efficacy of

women in physics lags that of men, and is an important predictor of academic retention and

success [20, 124]. Zara’s response is revealing and shows how historical societal stereotypes

and the lack of female role models in physics impact women like Zara even in physics courses

in which they are not underrepresented (e.g., her physics lab for bio-science majors had 60%

women).

Although this study focused on a lab that was 55% women, we note that our ethnographic

observations of labs that did not include pre-medical students (and thus enrolled less than

50% women) showed similar patterns. In such labs sections, we saw women take on the

group leadership roles [74] and have similar experiences to those described by Janet, Kamala,

Natalie, and Zara. Our observations suggest that the findings we describe here primarily arise

from the culture of physics, and not from the specific context (i.e., an approximately-even

gender ratio) in which these four students studied.

The interviews also suggest that the supervising TAs were not always well prepared

for the labs or had not adequately thought about and tried the experiments that their

students would do each week. Therefore, providing good professional development of the
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TAs who run the labs and making sure they are prepared for their teaching duties are

critical. What is equally important is getting ‘buy-in’ from the TAs about how to run

the lab effectively and equitably for ensuring that the introductory physics lab is indeed

functioning as envisioned [316].

Students should also be encouraged to talk to other students in different groups since one

TA may not be able to help all groups at a given time. More importantly, as interviews with

these women suggest, since other students have learned the concepts recently, they can often

understand other students’ difficulties better than the TA and provide more useful feedback

and help. However, creating a lab environment in which all students (and not only some

students) feel comfortable asking their peers in other groups for help without feeling judged

is really important. This can be especially important for women who face the challenge of

“doing gender” while also doing physics [115, 302]. The professional development of TAs

can again play a key role in creating such an inclusive environment in the lab.

Interviews suggest that the female students typically felt that there was a disconnect

between their physics lab and their desire to learn physics concepts, and that the lab was

not designed to help them learn physics concepts. These students also expressed that while

they recognized that the physics lectures and labs were different, they did not appreciate

that the physics lab did not provide incentive or support for helping them learn physics

concepts. They felt that the fact that merely being present in the physics lab was sufficient

to get a good grade and the fact that the labs were not designed to help students learn

physics concepts made many students who already were skeptical about the physics lab even

more disinterested and disengaged. The students explicitly noted that they felt that the

labs were too structured and procedural. These interviewed students also pointed out that

since many of the students in this lab were pre-medical students who had to take the medical

entrance exam focusing heavily on physics concepts, lack of focus on physics concepts greatly

reduced their level of interest and engagement in the lab. Past research has shown a tight

connection between physics interest and self-efficacy in physics [124, 156]. The students

also felt that increasing individual accountability in the lab can go a long way in increasing

student engagement as well as learning.

Furthermore, the interviews suggest that the physics labs should also take inspiration
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from chemistry and biology labs that students appreciated significantly more. They found

them more heavily focused on helping them learn relevant concepts in the lab context. It

is not surprising that chemistry and biology labs’ focus on concepts was something that

these students aspiring to end up in health professions, who had to take an entrance exam

focusing on these subjects, found useful. These interviewed students also pointed out that

some introductory chemistry and biology labs required them to do novel experiments that

were closer in spirit to authentic research and helped them learn to think like a scientist.

This suggests that these students viewed their physics lab as less effective for helping them

to learn the critical and scientific thinking skills [1, 169] that were goals of the course. They

also felt that some of the labs that required students to present the lab work in the form of

posters were effective in ensuring individual accountability in addition to helping students

develop the ability to communicate scientifically. In particular, some of them noted that

some labs in other subjects promoted individual accountability because, e.g., they required

each group member to present a part of the poster to the class but each student was expected

to be able to answer questions about any part of it.

Finally, we note that in an era in which interdisciplinary training is more important than

ever, thoughtful design of physics labs for bio-science majors can be particularly important

for keeping students actively-engaged and providing them with appropriate training. All of

the interviewed students noted that they really appreciated the bio-inspired labs and some

explicitly noted that they would have liked more physics labs with similar themes integrated

in the course. They also wanted the physics lab to help them make better connections

between physics concepts and concepts in other areas of science they were interested in.

Giving students an opportunity to make these types of interdisciplinary connections should

be an important goal particularly of physics labs that are for students primarily majoring in

bio-sciences or other disciplines.

Based upon the feedback received from interviewed students, we are developing a new

grading rubric that takes into account individual accountability in addition to promoting

positive interdependence between the physics lab group members. Rotating group mem-

bers a few times per semester as well as assigning and rotating the roles of different group

members within each lab group are also things we have begun to implement in our intro-
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ductory physics lab. We are incorporating opportunities for reflections on these issues and

activities focusing on effective strategies for physics labs in our TA professional development

workshops. We are also monitoring the implementation of the strategies learned in the pro-

fessional development program by the TAs in the physics lab. Physics departments should

reflect upon the consistent views articulated by the interviewed students in order to improve

the effectiveness of their physics labs.
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5.0 What Makes a Good Lab Partner?

5.1 Introduction and Framework

The introductory physics lab brings together students to collaborate actively in scien-

tific meaning-making [4, 8, 35, 52, 85, 96, 143, 169, 262, 274, 311]. While evidence-based

collaborative and active learning may improve student outcomes on average, the impact

of these pedagogical strategies on diverse pools of students may not be uniformly posi-

tive [44, 197, 246].

In order to understand how collaboration in a primarily traditional introductory physics

lab can impact a student’s identity trajectory [44, 106, 124], we investigated the ways in which

interactions with lab partners affected students’ interest and self-efficacy in an introductory

physics course. We approached the problem in three ways: first, by asking students about

the characteristics of an ideal lab partner; second, by investigating how students’ perceptions

of the distribution of the lab work between the partners (equal or unequal participation in

all aspects of the lab) is related to self-reported changes in their interest and self-efficacy in

physics; and third, by assessing whether gender might play a role in the relationship between

lab work distribution and self-efficacy. This quantitative work is designed to complement

qualitative analysis reported elsewhere [74].

In order to contextualize our research, we adopted a framework based on identity in

communities of practice that has been used before in physics education research [51, 149, 244].

A community of practice consists of three elements: the domain, the community, and the

practice [300]. For our context, the domain consists of student learning in the introductory

physics lab, the community is the pair (or sometimes triplet) of students who collaborate each

week on their lab work, and the practice is a 3-hour guided inquiry lab investigation that the

students undertake together [278]. In a community of practice framework, students develop

their domain-related identity (i.e., their physics identity, or the ”type of person” they see

themselves as [106]) within a community of practice through engaged participation [300] in

relevant activities. In the case of the introductory physics lab, we focused on how students’
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interactions with their partner(s) affected the development of their physics identity as they

conducted experiments and analyzed their results.

One aspect of the process of identity development is ‘mutuality of engagement,’ a type of

competence in which students develop the ability to engage with other members of their com-

munity and to establish relationships around their practice rooted in mutual and community

benefit [244, 301]. As students do their lab work together (engagement), how do they inter-

act productively, give and receive help, and coordinate the boundaries of their cooperative

work? As a relevant example, consider two different ways that pairs of students could split

their lab work equally. In partnership A, one student does all the writing while their partner

sets up the apparatus and makes the measurements. In this case, if each task takes 50%

of the time and effort then the students might view their mutuality of engagement as fair.

However, this mutuality of engagement is not equitable because the students do not have

equal opportunities to benefit from the various lab learning experiences, such as operating

the apparatus and recording and analyzing the data. By way of contrast, in partnership B

two students share the work equally: they each get opportunities to carry out all the aspects

of the lab, including manipulating the equipment and recording and analyzing the data. In

this case, the mutuality of engagement is more equitable.

In this investigation, we focused on two facets of identity development that were assessed

using survey data: physics interest and self-efficacy. Physics interest has been associated

with both course and career decisions [124]. Self-efficacy (sometimes also called competency

belief) relates to a student’s belief in their ability to succeed in a certain situation, task,

or domain [20], and has been associated with student performance and persistence [205,

253]. Both physics interest and self-efficacy have been shown to impact students’ identity

development in physics [111, 156]. In this research, we investigated how the nature of a lab-

group’s mutuality of engagement might have affected the development of students’ interest

in physics and their self-efficacy.
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5.2 Methodology

Participants in this research study were students enrolled in a one-semester introductory

physics lab course at a large state-related research university in the USA. These students

included physical science and health science majors, but not engineering students who take

a different lab course. For three semesters, data was collected via bubble sheets filled out at

the end of the lab period, and for the most recent semester the survey was filled out online.

Since students received bonus points for completing the survey, the response rate was more

than 90% for all four semesters, including the most recent.

In the lab, students worked in pairs (or triplets, if necessary) to complete a 3-hour course

of lab work each week. Student partnerships were self-selected and appeared to be mostly

random, as students typically worked with whomever they sat beside at the start of the first

lab session of the semester. Pre-lab and homework assignments were completed individually,

but a small amount of collaboration was typically required outside of the lab to complete

and submit the digital lab report. Lab partnerships were stable through the semester and

received the same grade for their lab reports.

What Do Students Want? In the first part of the investigation, students were asked

to respond to the prompt, “In the space below, please describe the characteristics of an ideal

lab partner.” We collected data from 120 students during two semesters for this part of the

investigation. Responses were read and a generative coding scheme [228] was developed to

categorize the responses. Two researchers independently categorized the first 49 responses

in order to assess the reliability of the coding scheme and categorization process, producing

a Cohen’s κ = 0.75 which indicates ‘excellent’ agreement [97].

An Even Split or an Equitable Distribution? As outlined in the introduction,

there may be a difference between students splitting their work evenly (e.g., partnership A)

and dividing the work so that all students get to participate equally in all aspects of the lab,

including both work with the apparatus and recording and analyzing data (e.g., partnership

B). In order to investigate whether students benefit from participating equally in all aspects

of the lab, for the second part of the investigation we collected three semesters’ of data

from 163 men and 258 women to questions pertaining to peer effect on interest. We also
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analyzed responses from 300 men and 492 women pertaining to peer effect on self-efficacy

on an end-of-semester survey in the lab, including a fourth semester of data in order to

increase the sensitivity of our analysis. These survey questions were validated along with

other constructs on a larger motivational survey using think-aloud individual interviews

with students to ensure that students interpreted the questions correctly, factor analysis of

student responses to ensure that the questions grouped into clusters as expected, as well

as analysis of Cronbach’s alpha for each factor and Pearson correlation amongst different

factors [156, 201]. In order to investigate how equal participation predicts peer effect on

physics interest or peer effect on physics self-efficacy in a multiple linear regression model,

we used gender and a self-efficacy construct extracted from E-CLASS [72, 308] as controls

to improve the explanatory power of the model. We note that the larger pool of data (300

men and 492 women) for how equal participation predicts peer effect on self-efficacy allowed

smaller effects to manifest as statistically significant if they were present.

We obtained gender information by connecting student responses with anonymized insti-

tutional records of students’ genders, which were self-reported as Male or Female at the time

of application to our university. While we recognize that gender is not a binary construct,

other gender identities were not included in this institutional data and all students included

in this study selected one of these options.

The set of questions on the survey related to the effect of peer interactions on the par-

ticipant’s interest and self-efficacy in physics is shown in Table 2. We hypothesized that

changes in a student’s interest and self-efficacy in physics might depend on the nature of the

group’s mutuality of engagement, and specifically on whether students participated equally

in all aspects of the lab, which we assessed by querying whether the survey taker and their

partner “participated equally in each component of the lab which includes: (i) manipulating

the equipment and (ii) data analysis” on a 5-point Lickert scale from “Strongly Disagree”

to “Strongly Agree”.

As noted earlier, we also analyzed responses to the E-CLASS survey [308], which students

completed at the start and end of the semester, in order to control for students’ self-efficacy

in our linear regression models. We extracted a subset of four items from the E-CLASS that

are related to the participants’ own perceptions of their self-efficacy [72], shown in Table 2.
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Table 2: Validated survey items related to the E-CLASS self-efficacy, peer effects on physics

interest, and peer effects on self-efficacy constructs.

Self-Efficacy ECLASS items

If I wanted to, I think I could be good at doing research.

When I approach a new piece of lab equipment, I feel confident

I can learn how to use it well enough for my purposes.

If I try hard enough I can succeed at doing physics experiments.

Nearly all students are capable of doing a physics experiment if

they work at it.

Peer effect on physics interest items

My experiences and interactions with other students in this class

. . . stimulated my enthusiasm for physics.

. . . made me enjoy physics more.

. . . increased my interest in physics.

Peer effect on self-efficacy items

My experiences and interactions with other students in this class

. . . made me feel more relaxed about learning physics.

. . . increased my confidence in my ability to do physics.

. . . increased my confidence that I can succeed in physics.

. . . increased my confidence in my ability to handle difficult

physics problems.
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Finally, before carrying out the multiple linear regressions, for the E-CLASS self-efficacy,

the peer effect on physics interest, and the peer effect on physics self-efficacy constructs,

we followed established practices for these survey items by collapsing 5-point Lickert scale

items to a 3-point scale (i.e., “Strongly Disagree” and “Disagree” were combined, as were

“Strongly Agree” and “Agree”) [144, 308]. Scores for these three constructs were constructed

by assigning +1 for agreement with each item, -1 for disagreement, and 0 for neutral, and

then averaging over all the items in each construct. The gender variable was assigned as

0 = male, 1 = female. All factors other than gender were normalized to have a mean of

0 and a standard deviations of 1 so that regression correlations are reported in terms of

standard deviations [55].

5.3 Results

What Do Students Want? The results of the categorization of student responses to

the prompt asking for characteristics of an ‘ideal lab partner’ are reported in Table 3. Since a

single response could include several characteristics of an ideal lab partner, the total number

of occurrences of different characteristics exceeds the number of responses categorized.

The most frequently cited characteristic for the ‘ideal lab partner’, reported by more

than half of the students, was a willingness to split the work evenly. Responses coded for

“fair split” included those that expressed a desire for a 50/50 split, a partner willing to do

half the work, or a partner willing to “do their share.” These responses reflect a mutuality

of engagement that may not be equitable and that may not provide the benefit of equal

engagement in all aspects of the lab to all students, as illustrated by example partnership

A in the introduction. Doing half the work is a relatively simple form of mutuality of

engagement in comparison with the advanced levels of cooperation, relationship-building,

and mutual benefit that are possible when people collaborate equitably and effectively. In

the 120 responses, not one described an ideal lab partner as someone who supported equally

sharing each aspect of the work, as in example partnership B.

Personality traits that allow students to easily cooperate and get along well with their
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Table 3: Characteristics of an ideal lab partner, according to students.

Characteristic Occurrences

Fair Split 62

Smart, Knowledgeable 31

Easygoing, Sympathetic 28

Hardworking 27

Communicates 27

Prepared 22

Friendly, Kind 21

Helpful 18

Enthusiastic, Cheerful 18

Efficient, Timely 18

Contributes to my Learning 14

Intellectually curious 8

Serious 3

Total number of responses 120
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partners, such as being easygoing, communicative, friendly and enthusiastic, were frequently

cited as being desirable. Another class of characteristics frequently cited were those that

might help students complete their lab work efficiently, such as having a partner who is

knowledgeable, hardworking, helpful, and timely. Notably uncommon among the responses

were characteristics that might be associated with improving one’s learning in the lab, such

as the partner being intellectually curious or the partner contributing to one’s learning.

An Even Split or an Equitable Distribution? We hypothesized a multiple linear

regression model,

ŷ1 = β̂0 + β̂1x1 + β̂2x2 + β̂3x3

+ β̂12x1x2 + β̂13x1x3 + β̂23x2x3

(1)

to account for how students’ responses to the equal participation prompt (x1) predict their

responses to the peer effect on physics interest construct (y1), using the E-CLASS self-efficacy

(x2) and gender (x3) as controls. The model also included all two-way interactions between

the three independent variables (x1, x2 and x3). In the model, hats denote predicted (or

expected) values determined by an ordinary least squares fit in the regression [55].

The multiple linear regression was carried out using an ordinary least squares linear

regression algorithm in R [238]. The results (see Table 4) support the hypothesis of a rela-

tionship between participants’ likelihood of saying they participated equally in the lab work

and their likelihood of reporting that interactions with other students improved their physics

interest, with a 0.16 (0.06 to 0.26 at 95% confidence [55]) standard deviation increase to the

peer effect on physics interest for each 1 standard deviation increase in equal participation.

Gender was a significant predictor of physics interest, with women on average reporting a

value for the peer effect on their physics interest that was 0.31 (0.13 to 0.49 at 95% con-

fidence) standard deviations lower than for men. Likewise, the self-efficacy construct from

E-CLASS served as a useful control. No interactions were significant (at p < 0.05 [55]), thus

interactions were removed from the model and are not shown. The model accounted for 11%

of the variance in the outcome variable, as calculated using the adjusted R2 [55].

We also hypothesized an analogous multiple linear regression model which focuses on

how students’ responses to the equal participation survey question predict their responses to

79



Table 4: Results from a multiple linear regression model focusing on how equal participation

predicts peer effect on physics interest controlling for E-CLASS self-efficacy and gender.

Peer Effect on Physics Interest β SE

Equal Participation 0.16*** 0.05

E-CLASS Self-Efficacy 0.23*** 0.05

Gender -0.31** 0.09

Adjusted R-squared 0.11

Sample Size 421

∗ ∗ ∗p < 0.001, ∗ ∗ p < 0.01, ∗p < 0.05

the peer effect on self efficacy construct using E-CLASS self-efficacy and gender as controls.

This model has the same form as the previous one (Equation 1), with the peer effect on self

efficacy (y2) replacing the peer effect on physics interest (y1) as the outcome variable. As in

the previous model, all two-way interactions were included.

The linear regression analysis, reported in Table 5, was performed in the same way

as the regression in which the outcome variable was peer effect on physics interest. Non-

significant (p > 0.05) interactions were removed iteratively and are not shown. This model

accounted for 16% of the variation in the outcome variable and included a statistically

significant interaction between gender and equal participation, while both gender and equal

participation individually were not significant predictors of peer effect on physics self-efficacy.

An increase in equal participation predicted no change to the peer effect on self-efficacy for

men, with a non-significant 0.02 (−0.03 to 0.07 at 95% confidence) regression coefficient.

However, the story for women is quite different. Using values from Table 5, women reported

a (0.02+0.17 =) 0.19 (0.10 to 0.28 at 95% confidence) standard deviation increase to the peer

effect on physics self-efficacy for each 1 standard deviation increase to equal participation.

These results may also be understood graphically, as depicted in Fig. 2. For men, vari-

ation in their response to the equal participation question did not significantly affect the

outcome (i.e., in Fig. 2 the slope for men is nearly horizontal). However, for women, there
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Table 5: Results from a linear model focusing on how equal participation predicts peer effect

on physics self-efficacy controlling for E-CLASS self-efficacy and gender.

Peer Effect on Self-Efficacy β (SE)

Equal Participation 0.02 (0.05)

E-CLASS Self-Efficacy 0.34*** (0.03)

Gender -0.11 (0.07)

Gender × Equal Participation 0.17* (0.07)

Adjusted R-squared 0.16

Sample Size 792

∗ ∗ ∗p < 0.001, ∗ ∗ p < 0.01, ∗p < 0.05

is a significant effect: response to the equal participation question is positively associated

with the peer impact on self-efficacy (i.e., the slope for women in Fig. 2 is both positive and

significantly different from the slope for men). Thus, we can conclude that men who partic-

ipated equally were not more likely to report that collaboration improved their self-efficacy,

but women who participated equally did report a boost to their self-efficacy because of peer

interactions.

5.4 Discussion and Implications

In the first part of the investigation, we saw that students focused on issues of social

interaction and work completion when queried about their views of what makes an “ideal

lab partner”. They wanted a lab partner they could get along with, and who would help

them to complete the work. Most importantly, though, they wanted a lab partner who would

be willing to do their “fair share”: 50% of the work.

While a 50/50 split might sound equitable on the surface, as reported by previous

work [61, 74, 141, 236, 237], more so than in same-gender groups it is not uncommon for
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Figure 2: Linear analysis of students’ perception of the impact of peer interactions on their

self efficacy for men and women.
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students in mixed-gender lab groups to engage in gendered task division in which men tend

to do one type of work while women tend to do another. Thus, the mutuality of engage-

ment associated with a “fair split” of the work is markedly different from, and may be less

equitable than, the mutuality of engagement associated with a distribution of the learning

activities in which each group member participates equally in all aspects of the work. It is

not just the amount of work that partners must share, but the types of work as well.

The difference between these two forms of mutuality of engagement is shown to be

relevant in the second part of the investigation, in which we found evidence that higher mu-

tuality of engagement was associated with improved physics interest. In particular, students

in groups in which each partner “participates equally in all aspects of the lab, including op-

erating the apparatus and recording and analyzing data” (the equal participation variable),

on average, reported an increase in their interest in physics. Given the positive outcomes

associated with improved physics interest [124], this analysis suggests that instructors should

ensure that students experience equal participation in all aspects of their lab work, and not

be satisfied with students merely splitting their work 50/50.

The third part of the analysis focused on how equal participation predicted peer effect on

self-efficacy controlling for E-CLASS self-efficacy and gender. We showed that men saw no

added benefit when they participated equally in all the different aspects of the lab, including

data collection and analysis, but that women did experience such a benefit. Given that

women currently experience a variety of disadvantages in physics learning environments,

including the masculine culture of physics [115] and stereotype threat [195], we suggest that

ensuring equal participation in all aspects of lab work can help to improve equity in physics

labs by elevating the self-efficacy of women without negatively affecting the self-efficacy of

their male classmates.

These results suggest that student learning in introductory physics labs that includes

a higher mutuality of engagement is likely to be accompanied by higher average levels of

physics interest for all students, and by improved physics self-efficacy for women. In turn,

development of interest and self-efficacy may lead to improved physics identity and other

related short and long term professional outcomes, especially for women. For this reason, we

suggest that instructors who wish to address inequities in their physics labs should seek to
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ensure that students are able to participate equally in all aspects of the lab work, including

operating the apparatus and recording and analyzing data. Returning to the titular question,

we conclude that a good lab partner is someone who will not just split up the work, but who

will share equally in all aspects of learning in the introductory physics lab.
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6.0 Group Diversity and Engagement

6.1 Introduction

Research has demonstrated the value of collaboration in helping students learn physics [82,

85, 206, 255, 267, 272] Collaboration gives students opportunities to learn from their peers;

contribute to projects that are too large or complex to tackle alone; and share insights, ap-

proaches, and ideas. Collaboration is also an essential element in introductory physics lab

courses [1, 222], in which students typically work in small groups to conduct experimental

work.

A significant body of research has been conducted to address the issue of collaborative

work with diverse teams [36, 40, 287]. Whether a diverse team of students is able to work

productively together depends on a large number of factors, including the fraction of team

members from historically underrepresented groups, the type of work being done, and the

context of the study [91]. Past research has suggested that groups of three with two men

and one woman in physics classes were dominated by the men [125, 126].

Other research has documented barriers faced by members of historically underrepre-

sented groups in STEM disciplines such as physics when they collaborate with peers from

overrepresented groups, including in labs [62, 74, 141, 236, 314] Examples of social interac-

tions that may serve as barriers for members of underrepresented groups include microag-

gressions, having ideas ignored, or being talked over [24, 61, 74, 246] We expect that such

barriers might decrease the effectiveness of collaboration in diverse teams by undermining

group cohesion [122].

In order to develop an understanding of the relationship between group diversity and

the effectiveness of collaborative work in an online introductory physics lab, we collected

reports from a collaborative activity during the Fall 2020 and Spring 2021 semesters at a

large research university in the USA. Each week, students worked in a randomly-assigned

group of 4 via a Zoom breakout room to complete an activity that required collaboration.

We extracted information about the level of engagement from the group reports (n = 1342).
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In addition, we conducted interviews with students about their experiences engaging in this

collaborative work (n = 11). Unlike in Fall 2020, in the Spring 2021 semester the instructor

provided students with detailed grading rubrics, and so we compare engagement for different

group compositions with and without rubrics. In this study, we seek to address the following

research questions.

• RQ1: For students in the online introductory physics lab course, what was the relation-

ship between the gender composition of their group and the degree of engagement they

demonstrated in their reflective reports for collaborative activities?

• RQ2: What was the impact of providing students explicit grading rubrics on patterns of

engagement for different group compositions?

• RQ3: What experiences did students describe in interviews that may illuminate the

relationship between the gender composition of the group and the contributions of group

members in shaping the group report?

6.2 Theoretical Framework

To address these questions, we adopt a communities of practice framework [51, 149, 244].

In this framework, we center our analysis on groups of learners as the “basic building block

of a social learning system” [300]. Communities of practice consist of three dimensions:

membership, practice and mission [301]. The membership of our community of practice is

the group of 4 (or 3 if the number of students is not a multiple of 4) students who are randomly

assigned to work together on the collaborative lab activity. The practice in our community

of practice is the work they do together, in this case the collaborative group activity in the

physics lab. If it is to be effective, the practice of the community should be aligned with the

mission of the community work (i.e., the course goals), to strengthen students’ understanding

of physics concepts and experimental physics through the collaborative lab activities. In this

study, we were interested in how the diversity in group composition was related to how well

the group was able to collaborate productively and prepare a reflective report.
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A key element of a community of practice is engagement [300]. Skinner and Belmont

describe engagement, in an educational context, as “sustained behavioral involvement in

activities” [273]. Inspired by efforts in education and social work [46, 193, 210] we opera-

tionalize engagement in our community of practice by measuring the relative length of the

reflections sections of students’ reports. We hypothesize that groups with more engagement

will be likely to generate more ideas, develop more-elaborate reasoning, or persist longer

in documenting their discussions, all of which could lead to longer responses in the reflec-

tions. Likewise, in groups with lower engagement, or sustained involvement, we might expect

cursory, short responses in the reflections, on average.

Response length on reflections is a straightforward and objective measure of engagement,

allowing us to collect data from the hundreds of groups needed to make quantitative com-

parisons between different types of groups. We observed lab groups as they conducted the

collaborative activity, and noted that groups that engaged more in discussions during the

reflection also wrote longer responses. Therefore, since it was objective, meaningful, and

possible to evaluate for hundreds of groups, we used collaborative reflections response length

as a measure of group engagement.

We analyzed group engagement for groups with different gender compositions in the

online lab course. We obtained anonymized gender information from institutional records in

which students’ genders were recorded as male, female, or unknown. All of the students in

our course identified as either male or female. Thus, while gender is a fluid and non-binary

construct, for the sake of this analysis we rely on records that report all the students in

our study as either men or women. However, our perspective in this study is that gender

is something that students do [115, 302]. Based upon their gender identity, students may

interact differently with other group members in the collaborative online lab.

6.3 Context

This study was conducted in an introductory physics lab course in the Fall 2020 and

Spring 2021 semesters. Because of the COVID-19 pandemic, the course was taught entirely
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online. Students completed lab investigations and homework independently, using the IOLab

device and materials from RealTime Physics [278]. Once per week, students joined a Zoom

meeting in which they were randomly assigned to breakout rooms with 4 students (some-

times three if the total number of students was not a multiple of 4) in order to work on a

collaborative activity. The lab sections were taught by graduate student teaching assistants

(TAs). Random assignment was decided upon as a practice since TAs felt that assigning

students to groups in Zoom was complicated and time-intensive. At our university, students

take two semesters of lecture-based introductory physics courses and one semester of physics

lab (that students can take concurrently with their second lecture-based course or after tak-

ing that course). Therefore, the lab focused on a wide range of physics concepts such as

mechanics, circuits, and optics. The TAs visited the breakout rooms occasionally, and were

available if students had questions or needed help.

A total of 245 students (139 women and 106 men) participated in the lab course in the

fall, and 377 (233 women and 144 men) in the spring, with a small number withdrawing

from the course each semester after the first two weeks. The majority of students in the lab

course were enrolled in health science tracks and a smaller number of students were physical

science (e.g., chemistry or physics) majors.

The collaborative activities were designed to provide students with opportunities to work

together with peers, given that the rest of their work in the lab course was done individually.

Specifically, the collaborative activities aimed to give students opportunities to pool and

reflect on data collected in different ways; design and conduct a new experiment as a team;

and engage in group reflection on topics related to the nature of science [7, 213], group-work,

or physics concepts. The activities were written for the IOLab Lesson Player [8, 32, 181], with

three stages corresponding to the three goals: integrating analyses, group experiment, and

reflections. The reflections stage always asked students to have a discussion about a given

topic, and then to write responses. Some reflections prompts are summarized in Table 6. It

was the responses from the reflection stage that were used as data for this study.

During the Fall 2020 semester, students were provided with a generic grading rubric

on the first page of the collaborative activity. The TAs graded student work generously,

rarely assigning less than 90% for the collaborative work. For the Spring 2021 semester,
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specific grading rubrics were developed to support the TAs in more carefully grading each

collaborative activity. In the first three weeks of the Spring 2021 semester, the average scores

for the collaborative activity were 88%, 89%, and 82%. Following an outcry from students,

the instructor decided to release the specific grading rubrics to the students at the start of

the fourth week of the Spring 2021 semester. By the sixth week, the average score was 94%,

and it stayed above 90% for the duration of the semester. We hypothesize that grading

protocol, the availability of specific grading rubrics, and implicit messaging in the rubrics

that student work would be graded partially for thoroughness might have caused a change

in how students oriented with respect to their work and, accordingly, to the nature of their

collaboration. Therefore, in the analysis that follows, we compare data from Fall 2020 with

data from weeks 6-12 of Spring 2021, after students were provided with the grading rubrics.

6.4 Methodology and Results

6.4.1 Quantitative Analysis

In total, 1342 reports from 622 students working in groups of 3 or 4 were collected and

analyzed. Not all students were present each week, but all students participated in the

majority of the collaborative activities. Students who withdrew or dropped the class were

excluded from the analysis, as were students who completed the activities individually (e.g.,

making up late work). We determined the composition of each of the 1342 groups according

to the genders of its students, and arranged those groups on Fig. 3. For example, groups

whose composition was “One Woman” were groups of three that had one woman and two

men, and groups of four that had one woman and three men. The middle column in these

graphs, “Two Each”, was only possible for groups of four.

To parameterize engagement, we extracted the students’ responses to the reflection ques-

tions from the third stage of the collaborative activities. We calculated the number of char-

acters in each response. We decided to count the number of characters rather than the

number of words because we wanted to acknowledge that responses using precise technical
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Table 6: Examples of reflection prompts for the collaborative activities. Some prompts have

been condensed for brevity.

• How does the IOLab device know its position and velocity?

• Why are predictions so useful and important in experimental sciences like physics?

• Why is it important to use theory to make predictions when doing science?

• (after a lab about Newton’s third law) How important is it for passengers on buses

to wear seatbelts?

• Why do you think doing a physics lab can be valuable for you as a student who is

learning physics? What are the goals of the physics lab?

• (after a lab about electric circuits) What are three rules to describe voltage and

current in electric circuits?

• Are ”rules of thumb” useful in science? Explain.

• What does it mean for a measurement to be uncertain? Why is this important, and

what are the implications for science?

• Setting aside the issue of grades, what aspects of this lab helped and hindered your

learning of physics?
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Figure 3: Engagement, as measured by the length of reflections, Z-scored, for five different

group compositions, according to gender, for the Fall 2020 (left) and Spring 2021 (right)

semesters. Error bars indicate standard error. In the Fall semester, groups with one woman

demonstrated lower engagement. In the Spring semester, all groups with women demon-

strated comparatively higher levels of engagement.

jargon might use fewer, but longer, words. To account for the likelihood that groups of 4

would write more than groups of 3, we divided the number of characters from each response

by the number of students in the group. We tested this hypothesis by comparing average

characters-per-person in groups of 3 and 4 and found that they were very similar, week-by-

week. Next, we calculated a Z-score for each group using the mean and standard deviation

for each week, i.e.: Zi = (xi − x̄)/σx. So, in a particular week, if a group of 4 students

wrote a response that was 3080 characters long, we calculated a characters-per-person of

770 for that response. The average number of characters-per-person in week 5 was 600 and

the standard deviation was 170, so we would record an engagement Z-score of +1.0 for the

group in that week.

Finally, we compiled all of the weeks together, for the two semesters, and created the

charts in Fig. 3. The charts show average engagement Z-scores and standard errors for

different group compositions. The columns for each chart average to 0, weighted by the

number of groups in the columns. For each chart, we calculated a one-way ANOVA [263] to

determine the significance of differences in engagement between different group compositions.

Given relatively small differences, we did not find statistical significance at p < 0.05 for
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groups with different gender composition. Although non-significant at p < 0.05, the data

in Fig. 3 suggest that in the Fall 2020 semester, groups that were all men had higher levels

of engagement and groups with only one woman had lowest engagement. In the Spring

2021 semester when students were provided detailed rubrics, the data suggest that groups

that consisted of all men had lowest levels of engagement and all other group types had

comparable levels of engagement.

6.4.2 Qualitative Methodology

In order to investigate the experiences of students that might have impacted different

engagement levels in groups with varying composition, we conducted a series of 11 semi-

structured interviews [228, 259] at the end of the Fall 2020 semester. Each interview was 60

minutes long, conducted via Zoom, and audio-recorded. The author conducted 5 interviews,

and the author’s supervisor conducted 6 of the interviews. We invited students to participate

in the interviews, offered to pay $25 for each interview, and asked interested students to email

us. 22 students expressed interest. We selected 6 women students for the author’s supervisor

to interview. Next, we randomly selected 6 students from the remaining 16 students for the

author to interview. One of those randomly-selected students decided to withdraw from the

study after the start of the interview. We ended up interviewing 9 women and 2 men.

We recognize that our positionalities are relevant to how we conducted the interviews

and analyzed these qualitative data. We have removed the remainder of this paragraph,

describing the positionalities of the author and his supervisor, to align with guidance about

masking this manuscript for double-blind peer review. The author is a white man who

was a graduate student at the time of the interviews, and whose perspective in conducting

education research is influenced by a decade teaching high school physics. Students might

have recognized him as a person who is related to the labs because he recorded videos for

the lab course and wrote the collaborative activities. The author’s supervisor is an Asian

woman physics professor who has taught and conducted physics education research since

1995. Students would not have had classes with her previously, but might view her as a

champion for gender-based inclusion in physics.
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The interview followed a set of questions relating to the students’ background and expec-

tations about physics lab, their impressions about the educational effectiveness of the online

lab-work, their opinions about learning online, and their experiences collaborating with class-

mates while doing online labs. We transcribed the interviews and conducted coding using

NVivo. In the first cycle, we used concept coding [251] and identified 19 emergent codes,

such as “Group Roles” and “Zoom Etiquette”, to describe the concepts students described in

their interviews. In the second cycle, we used the quantitative findings that groups with only

one woman has less engagement as a starting-point to engage in elaborative coding [251]. In

this second cycle, we read the transcripts for students’ descriptions of gendered experiences

in collaborative work. Finally, after identifying key passages in the interviews, the author

and his supervisor discussed how they connected with our theoretical framework for this

investigation and past research results.

6.4.3 Qualitative Data

Most of the women we interviewed described gender-based discrimination of one form or

another, usually within the physics lab. Within the theme of gendered experiences, students’

responses generally fit into two categories: being excluded, or stereotypes about behavior

or performance. In our interviews, several women described incidents in which they were

ignored, excluded from conversation, or talked over by the men in their group. One woman

described being in a group with one other woman. The men in the group would exclude the

other woman, ignoring her ideas or questions. “[She] was just talked over and [she] wasn’t

given as much consideration. Nobody would take the time and explain it to [her]... And

they would just push through it. [She] would have to deal with it.”

A challenge experienced by all students during this online course was dealing with group

members who kept their cameras off and stayed muted so that it was hard to know if there was

anyone there. One of our interview participants, a woman, explained how faceless critique

from a man in her group was detrimental to their collaborative work. “There was this one

group that had one guy [who] didn’t say much... He only un-muted if he saw something

wrong with us doing something.” This man was not contributing to the collaborative work
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in a constructive way; rather, the only times he talked he instigated arguments and doubts

about the procedure, as if he saw himself as superior to the other members of his group who

were all women.

In another case, an interview participant described not being taken seriously by the men

in the group until the TA came in and agreed with her. “I was the only girl and there were

three or four other guys... I would say something which would be right... But other people

would disagree with what I said. Which is fine, like, they can disagree. But I also felt like if

it was one guy against me, all the other guys would just side with that guy even though they

didn’t even have a proper reason for doing it... Then the TA would come in and corroborate

what I said. And then people would be like, okay, and then change it... I felt that a lot.”

Despite being correct, this woman needed an authority figure to agree with her before the

other members of her group took her ideas seriously, and this was a frequent occurrence.

In a second category, some students described navigating a preconception that women

tended to write more, and that they had higher expectations for the quality of their lab-

work. One interview participant commented, “I noticed that the women students write

longer descriptions than male students.”

Another interview participant suggested that men she worked with were more likely to

be content with imperfect work, commenting, “I think everyone that I’ve worked with wants

to get a good grade. But I think sometimes when I do work with guys-only groups, if we

don’t understand something, they’re like, ‘oh well, what we’ve put is good enough.”’ She

went on to compare this to her experience working in a group of three women: “When I

worked with just two girls, they were like, no, we have to make sure this is right.” Another

interview participant agreed with the preconception that women were more likely to put in

the effort to ensure their work was thorough. She told a story about a time when, in a

group in which she was the only woman, she went back to correct the group work after they

had completed it, but before it was turned in. “I was the one who had to send it to [male

partner] so that they could upload it. And after they had ended the call and I was looking

through it, I realized that I would not put a lot of the answers that they put, because a lot

of the answers that they put were very skimpy, not very detailed, and didn’t include a lot of

the stuff that I would have told them to include. So I had to spend like an extra like 10-15
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minutes trying to like fix the answers a little bit.” The student elaborated, comparing her

work with groups of all women with groups in which she was the only woman: “When I’m

with girls I don’t worry about that as much, but when I’m with guys, I do try to insert more

and, be like, let’s add this, let’s add this. Because I don’t feel like they necessarily will.”

6.5 Discussion and Conclusion

In the quantitative portion of this study, we find suggestive, but statistically non-

significant results, that suggest groups with only one woman had decreased levels of en-

gagement in online group work. However, when explicit grading rubrics and a clear grading

incentive were in place, mixed-gender groups demonstrated comparatively higher levels of

engagement. We hypothesize that this result suggests that women, who may be more grade-

conscious, are empowered to push their mixed-gender groups to write longer reports when

it is clear that their grade depends on it.

In the qualitative portion of this study, we found some evidence suggesting that gender

diversity in collaborative online lab work impacted students’ level of engagement. For ex-

ample, the women we interviewed described instances in which they, or other women they

knew about, were excluded or talked over while attempting to engage in collaborative work.

Our hypothesis is that if a group excluded or ignored the ideas or contributions of one

group member, this may have directly reduced the level of engagement we measured and the

reflection response would be shorter.

Furthermore, based upon interview data, we hypothesize that awareness of stereotypes

about their contributions or expectations may have caused some of the women in these

groups to feel as if they were walking on eggshells while collaborating. The women, hyper-

aware of their difference within the masculine culture of physics, may have carefully weighed

their participation in the collaboration. This hesitancy may have reduced the engagement

in the group, resulting in women contributing fewer ideas, being less likely to engage in

discussion, and writing less when they were the only woman in a group. As a result, for

groups in which women were in the minority and stereotypes were present, the engagement
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of the group as a whole may have been reduced. In other words, we suggest that cohesion of

the collaboration between students [122] was reduced, in part, by the presence of stereotype

threat, whereby the fear of conforming to a stereotype about one’s social group can influence

one’s behavior [197, 284, 285] However, in Spring 2021, when students were provided with

explicit rubrics for how their work would be graded and were provided a grade-based incentive

to submit their best work, groups with women no longer had a lower level of engagement

demonstrated by reflective report length.

Although further studies are needed, these findings hint that instructors can improve

equitable participation of women in their lab classes by either not forming small groups in

which there is only a single woman [126], or ensuring that students are provided with clear

performance expectations via explicit rubrics to assess their work.
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7.0 Lessons from Transforming an Honors Physics Lab

Labs designed for physics majors are essential for preparing the next generation of physi-

cists. These labs should provide physics students with opportunities to learn to think like a

physicist in a lab context and teach them essential skills that will be useful for both academic

and non-academic careers. However, in typical labs encountered by physics majors, includ-

ing labs beyond the first year, one typically finds complex, expensive equipment that bear

little resemblance to what would be used in an academic research lab or on a job site. While

undergraduate research experiences may provide a bridge between undergraduate classes and

research labs,[146] they often pose the same difficulty of either requiring or at least preferring

skills and familiarity with equipment that isn’t typically found in lab courses.[189]

Thus, there is a need to transform instructional labs in order to better equip physics

majors with skills they can use in undergraduate research experiences, graduate school re-

search, or non-academic jobs. The creative and purposeful use of computers and/or low-cost

electronics is a popular and successful approach for retooling physics labs,[11, 25, 34, 70,

103, 109, 211, 275, 281] and is part of the strategy we adopted to transform honors physics

lab with three new lab modules at our institution.

At the University of Pittsburgh, first-year physical science students (including physics

majors) take a separate 2-credit lab course after their first introductory college physics course

rather than taking introductory labs as part of, or in parallel with, their first introductory

physics classes. Thus, the first physics lab that physics majors take is either the regular

introductory lab in the spring semester of their first year of studies or the honors lab, dis-

cussed here, that is offered in the fall semester of their second year of studies. This honors

lab requires a certain minimum grade in the introductory physics lecture course and has a

reputation of requiring intense work, with two three-hour lab sessions weekly. Enrollment

is typically between 10 and 16 students. Given the advanced preparation of many of its

students, the topics of investigation, and the scheduling during the second year of studies,

the honors lab may best be compared with Beyond the First Year (BFY) labs at other in-

stitutions even though it is the first college physics lab taken by the students enrolled in
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it. Approximately 30% of our physics majors take this honors lab, while the remaining 70%

take a regular, non-honors, lab which also enrolls chemistry, engineering, and other majors.

87% of the students in the honors lab are physics majors, while only 20% of students in the

regular, non-honors, lab choose to major in physics.

The process of transforming a physics lab has been well-explicated in the physics educa-

tion literature.[137, 322] The first step was to identify goals by consulting with stakeholders

such as faculty members and referring to documents such as the AAPT lab guidelines.[1]

Second, we focused on designing new lab work, procedures, and apparatus consistent with

the feedback obtained. Finally, we evaluated the transformation, which involved three new

Arduino-based lab modules as well as additional features such as an ‘above and beyond’ task

associated with each lab.

Two overarching goals led our efforts: helping students learn to think like physicists, and

teaching essential undergraduate-level research techniques to students. These goals led to two

guiding principles in the design of the three new modules in our transformation. First, that

equipment be research-grade, used across multiple experiments, and not merely a ‘black box’.

Second, that students be able to troubleshoot equipment, explore variables and parameters in

the experiment, and work collaboratively. To address the first set of principles, an Arduino-

based digital test instrument was developed and deployed. All software developed for this

transformation is open source and available online,[89] and additional specifications for how

the system is set up are available on request. To address the second set of principles, changes

were made to the way the course was run, including the adoption of an ‘above and beyond’

requirement for lab work.

The perspective of the cognitive apprenticeship model,[56] which was useful in this con-

text of transforming the lab, proposes that learning is effective when the criteria of good

performance are modeled explicitly and then students are provided coaching and scaffolding

support to learn important skills before they can successfully practice those skills indepen-

dently. We believe that scaffolding new skills is essential for students in lab courses. Both

troubleshooting and the ‘above and beyond’ work will be productive for students only if they

are provided with the guidance, scaffolding and support they need in order to be successful

in the new, transformed lab. To evaluate the impact of the three new Arduino-based mod-
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ules and ‘above and beyond’ task associated with the transformed lab, we analyzed student

work, evaluated student attitudes toward experimental science using the E-CLASS survey,

and conducted observations and interviews of students enrolled in the lab.

7.1 New Lab Modules

The simplicity, low-cost, ubiquity, and capabilities of the Arduino Due make it an effective

instrument for the physics lab.[33] While previous work [102, 119, 142, 177] has primarily

focused on using the Arduino microcontroller boards for exciting one-off investigations, we

report here on a flexible and powerful system that brings research-grade electronics to some

of experiments students perform in the second-year honors teaching lab. In combination

with a simple shield (a custom-built board which interfaces with the Arduino Due, see

Fig. 4), a breadboard, and a computer, the Arduino-based system is able to replicate the

capabilities of a variety of traditional lab equipment. Data are transferred from the Arduino

to a computer, where open-source software [89] performs analysis to replicate the functions

of an oscilloscope, a synthesizer, a lock-in amplifier, a spectrum analyzer, and a network

analyzer. The focus is on helping students learn to deeply understand and debug issues

related to the software of one piece of equipment, rather than poring over the details of

many complicated devices.[65, 66] Encouraging and teaching troubleshooting skills was a

major goal of the lab transformation.

While the lab seeks to help students discern value in both computer-based data acqui-

sition systems and electronic test equipment such as multimeters and oscilloscopes (both

of which are used frequently in the second half of the course), there are several advantages

to helping students learn to use the Arduino-based instrument first, rather than using a

collection of separate lock-in amplifiers, spectrum analyzers, network analyzers, and other

expensive test equipment for lab work. The breadboard ecosystem allows students to use

inexpensive, easily-replaced components, and the Arduino-based system itself is inexpensive

in comparison with lock-in amplifiers and network analyzers that are available on the market

today.
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Figure 4: The Arduino Due and custom-built shield used for input and output and analog

electrical signals in the honors physics lab.
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Students are guided and encouraged to view the Arduino-based instrumentation as a

tool that they can dig into and understand: they are taught some basic Python in the

first weeks of the course and encouraged to explore and edit the data analysis code that

runs on the computer, and to do the same with the data acquisition code that runs on the

Arduino. Furthermore, students typically co-enroll, or take in a subsequent semester, physics

courses in scientific programming and digital electronics which use Python and the Arduino,

respectively, so that – at least in principle – students should be able to understand and work

with the Arduino-based instrumentation at a deeper level by the time they are ready to

begin undergraduate work in a faculty research lab. A major goal of introducing these new

lab modules that use the Arduino-based instrumentation was to encourage students to move

beyond thinking of their data acquisition system as a black box.

The Arduino Due itself is built around a powerful microcontroller of a type that is

commonly used in academic and industrial research labs (an ARM Cortex-M3, with a 280

kHz sample rate and 12-bit analog input/output bit depth), so that expertise with Arduino

systems can be ported directly into research-grade lab work.

Students, in general, responded positively to the introduction of the Arduino in the

three new modules of this honors lab course, expressing enthusiasm about their lab work

and indicating excitement about coming to the lab course. Some students reported that

they were able to take their lab skills to research labs and immediately start working on

research. More than 50% of students, and 100% of students in the most recent offering of

the course, elected to perform one or more Arduino-based experiments when given the choice

(see Table 7.)

Below, we describe the three new experiments that were designed to use the Arduino-

based instrument. They supplant experiments that relied on equipment for which parts are

no longer available, or for which traditional equipment was not up to the task of adequately

performing standard analyses. The experiments are also designed so that students are slowly

introduced to new capabilities of their instrumentation and the features of the experimental

apparatus, which allows them to learn to think systematically about how their instruments

may be misbehaving and troubleshoot more effectively. All three new experiments were care-

fully written to meet our overarching goals of helping students learn to think like physicists
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Table 7: Experiments available to students in the honors physics lab course.

• Test Measurements*

• Single Photon Interference

• Noise Fundamentals

• RLC Circuits*

• Electron Diffraction

• Nuclear Magnetic Resonance

• Acoustical Resonance*

• Photoelectric Effect

• Chaotic Circuit

• Acoustical Gas Thermometer

• Black-Body Radiation

• Muon Lifetime

• Electron Spin Resonance

• Microwave Optics

• Radiation Detection
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and teaching students techniques useful for experimental research.

7.1.1 Test Measurements

After a four-week introduction to lab procedures and software, including an introduction

to Python programming and data analysis techniques for physics, students work through

this first lab to learn how to use a variety of test equipment. This equipment includes an

oscilloscope, function generator, multimeter, spectrum analyzer, lock-in amplifier, and net-

work analyzer, all of which run on the Arduino-based instrument. After some introductory

measurements, students pass signals from a conventional or Arduino-based function genera-

tor through an RC circuit and qualitatively measure the amplitude and phase response at a

given input frequency using an oscilloscope. Then they use a spectrum analyzer and lock-in

amplifier to examine the response more quantitatively. Next, the network analyzer function

is used to measure the amplitude and phase response over a wide range of frequencies and

to show how RC circuits can be used as low/high-pass filters. Finally, students are given

freedom to explore the Fourier decomposition of a square wave or repeat the analysis using

an RL circuit.

This lab is used to introduce the Arduino-based instruments to students. The use of

a conceptually-simple circuit makes it easier to scaffold student understanding of both the

functioning of the new instruments as well as the signal processing that is being performed.

The Arduino-based lock-in amplifier, spectrum analyzer, and network analyzer make it pos-

sible to have all students complete this lab at the same time, without needing to share costly

equipment. This lab introduces students to a number of important fundamental principles

about electronics that they will revisit in their advanced-level electronics lab course, in-

cluding equipment such as breadboards, instrumentation, and methods for troubleshooting.

After this experiment, students rotate among a selection of two-week experiments, complet-

ing four, for which there may be only one set of apparatus available. These experiments are

listed in Table 7 (but may not all be operational at any given time). The following two labs

are included in the rotation.
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7.1.2 RLC Circuits

In this two-week lab, students first examine the transient response in an RLC circuit

using the synthesizer and oscilloscope. After that, they drive the circuit with a sine wave

and investigate the steady-state response using the oscilloscope, spectrum analyzer, and

lock-in amplifier. They also use the network analyzer to see how this circuit behaves around

resonance. Some emphasis is placed on measuring and understanding the phase response

of the circuit and comparing the response to that of a harmonic oscillator. The goal is to

combine elements of electronics (which will, as with the Test Measurements lab, be built

upon in the advanced electronics lab course) with the interesting physics of resonance.

While the Test Measurements lab takes students through a scaffolded, step-by-step pro-

cedure, this experiment is more open-ended. After introducing the theory and illustrating

the circuit to build, the instructions give students a few specific issues to investigate, while

giving students plenty of freedom about which tools to use, the specific parameters to use,

and so forth.

7.1.3 Acoustic Resonance

In this two-week lab, students examine acoustic resonant modes in a wooden box using a

speaker and microphone. Students use the oscilloscope, and eventually the lock-in amplifier

and network analyzer, to measure the frequencies of modes, as well as the phase response.

Finally, the students move the microphone around the box in order to map out a resonant

mode in physical space. This serves as a useful contrast to the RLC circuits lab, as it brings

the concept of resonance into physical space for students to explore. As with the RLC

Circuits experiment, this lab is also quite open-ended, with students given plenty of scope to

explore and address questions they find interesting on the way through the procedure. While

the RLC circuit has a simple, single resonance, the acoustical cavity has much increased

complexity due to the presence of many resonances with varying spatial distributions.
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7.2 Student Learning

Alongside the new instrumentation, several elements of the course were changed with the

goals of the transformation in mind. Lab handouts were rewritten from a highly-structured

format to a more informal discussion of topics to investigate. The grading scheme was

changed to emphasize the importance of maintaining a useful lab notebook.[283] The change

to Arduino-based instruments softened the black box nature of instrumentation that is typical

in physics labs, which necessitated more time spent upfront helping students learn how the

Arduino-based instrument works.

A benefit from this approach to understanding the instrumentation is that it makes trou-

bleshooting a central, and repeatedly-emphasized, element of the lab course. The instructor

of the course motivated the transformation by focusing on the importance of troubleshooting

and how it can help students learn to think like physicists. Students need guidance in order

to learn explicitly how to troubleshoot their apparatus, and scaffolding needs to be pro-

vided for learning troubleshooting techniques.[66, 83] Troubleshooting was explicitly taught

in two ways. First, in the Test Measurements module, students were stepped through the

experiment in such a way that they could learn how to test the ways in which individual

electronic components affected an electrical signal. They used probes to make measurements

at several points as a signal passed a circuit, and were asked to explain how and why the

signal changed at each point. A common and important form of troubleshooting in this lab

was tracing signals through electric circuits on the breadboard in order to diagnose circuit

wiring difficulties. Second, lab instructors made a point of helping students learn to diagnose

and address issues with their experiments in a supportive way throughout the course. One

way that instructors provided this assistance was by suggesting specific measurements that

students could make in order to produce results that would be helpful in diagnosing the issue

they were encountering.

Another change was the requirement that 20% of students’ lab reports discuss explo-

rations ‘above and beyond’ the scope of the work assigned in the lab handout. Students each

wrote a complete traditional lab report for their final experiment, which was graded using a

rubric that focused on the clarity of the description of the lab work and the correctness of

105



the analysis. The ‘above and beyond’ requirement aligns well with the goal of getting stu-

dents to think like physicists, as this independent exploration is an exemplary opportunity

for them to develop their curiosity, their skills in designing and conducting experiments, and

their physics identities.[44, 124, 155, 156] For example, a student working on an interference

experiment did a calculation to show that there was (usually) only one photon present in the

device at a time. Another example was when a student noticed an unexpected behavior in

one of the graphs, and followed up with some insightful analysis of how the Arduino might

have a non-negligible internal resistance or inductance.

Using a generative coding scheme [228] developed and validated by the author and his

collaborators, an analysis of 28 lab reports from one semester of the transformed course

in which students completed more than one lab report found a large variety of ‘above and

beyond’ work being done by students, as shown in Fig. 5. Some students chose to investigate

and write about the theoretical side of their results, relying on their textbook and internet

research to demonstrate a deeper understanding of the underlying theory. Some reports

showed students following up on a result that caught their eye by attempting to understand

what might have caused that result. Other approaches included taking additional data to

extend the range of their investigation, performing a deeper dive into the error analysis,

writing about potential improvements that could be made to the apparatus, and providing a

narrative-style description of one part of the experiment that did not work out as expected.

Most impressive were the lab reports in which students made a substantial, meaningful, and

well-explained extension to their lab work. In these cases, the students truly went ‘above

and beyond’, demonstrating independent investigation skills and aptitudes that show they

are well-prepared for a research setting.

However, the limited amount of scaffolding provided for the ‘above and beyond’ work

made it difficult for a sizable number of students to excel in this aspect of the lab course.

These students, whose work shows up in the approximately 30% of Fig. 5 categorized as “no

‘Above and Beyond’ seen”, may have needed more guidance and feedback, and may have

benefited from seeing examples of what this type of work is, or could have benefited from

some additional support regarding the type of work that would be reasonable or acceptable.

In the most recent offering of the lab course, examples of past ‘above and beyond’ work were
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Figure 5: Types of ‘above and beyond’ work done by students in a transformed honors

physics lab.

provided, and this was viewed as quite useful by the students.

In order to evaluate how student attitudes toward experimental physics have changed as

a result of the transformation, the E-CLASS survey was given to students at the beginning

(pre) and end (post) of the semester. E-CLASS scores indicate the extent to which par-

ticipants hold expert-like views about experimental physics, including strategies, habits of

mind, and attitudes as measured through 30 items with a 5-point Likert scale.[308] In keep-

ing with precedent, we express scores from −1 (novice-like) to +1 (expert-like) and focus

on students’ own responses, and not how they believe an expert would respond, which the

E-CLASS survey also captures. Fig. 6(a) indicates scores from a nationally-representative

sample [311] and Fig. 6(b) shows scores from our university. For the honors physics lab, our

results suggest a larger decrease in E-CLASS scores the year prior to the transformation,

2015, (effect-size given by Cohen’s d = 0.67, t-test p = 0.08 [55]) and a smaller decrease

during post-transformation years, (d = 0.10, p = 0.31). Although the number of students

in these two samples is small, and so the results are not statistically significant, the fact

that the effect size for the decrease given by Cohen’s d goes from 0.67 to 0.10 is encourag-
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ing. The E-CLASS scores for the honors lab are similar to those for BFY courses in the

national sample (d = 0.02, p = 0.10; compare BFY in Fig. 6(a) with Honors in Fig.6(b)).

The difference as measured by Cohen’s d in this case is “small”.[55] Analysis of the national

sample in Fig. 6(a) conducted by Wilcox and Lewandowski indicated that students in reg-

ular, traditional labs typically see a decrease in E-CLASS scores, while labs that include

open-ended work (like our transformed labs) produce scores that are unchanged or increase

slightly between pre and post[311].

Moreover, the selective nature of the honors lab is apparent in Fig. 6, as E-CLASS

pre scores for our honors lab are consistently higher than pre scores in both first-year (FY)

labs from the national sample [311] (t-test p < 0.001) as well as our regular, non-honors,

lab (p < 0.001). In addition to being selective and potentially attracting students with

high levels of prior preparation, the majority of the students who enroll in the honors lab are

male physics majors. Most female physics majors choose to enroll in the regular, non-honors,

introductory lab, in which physics students account for 20% of the enrollment. However, even

though students in the honors lab may be considered a privileged group overall compared

with the regular introductory lab, that doesn’t mean they all have sufficient prior experience,

e.g., with experimental techniques, and don’t need to be supported in their learning in the

lab context.

7.3 Student Experiences

The physics lab can be a culturally-rich, low-stakes environment for students to develop

useful research skills and stimulate their interest in physics. Formative lab experiences, like

learning to use the Arduino, can help some students to develop an interest in physics and

come to see themselves as physicists or scientists. From the beginning of the transformation,

students generally responded positively. Most students who were introduced to the Arduino

boards quickly became familiar with the platform, and were soon able to put the device

to use in a variety of creative ways. Some students explicitly expressed enthusiasm for the

transformation and indicated that they looked forward to coming to the lab. Other students
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Figure 6: Pre and post E-CLASS scores for a national sample of students separated into

First-Year (FY) and Beyond First Year (BFY) labs, and whether students primarily do

regular, traditional lab work or open-ended experiments. Also includes scores from our

institution include a regular, non-honors, introductory lab that is taken by physical science

majors, including physics students who do not take the honors lab, the honors lab before

transformation, and the honors lab for three offerings after the transformation.
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subsequently sought out research opportunities and reported that they were able to imme-

diately begin working productively in a research lab using skills and understandings they

had developed in class. However, for some students who may not have received appropriate

support, lab experiences can negatively impact their physics identity trajectory.[74] In order

to understand the impact of this lab transformation on student experiences, we conducted

12 hours of observations in the lab and interviewed 7 students who took the transformed

lab.

The lab environment generally seemed positive both before and after the transformation,

with some male students cracking jokes (often involving experiments and troubleshooting)

and good relationships between instructors and students. Students were free to work alone

or in pairs, and nearly all chose to work with a partner. During years with an odd number of

students, this typically meant that one student would work alone. After the transformation,

the instructor repeatedly emphasized the importance of learning to troubleshoot apparatus:

being patient, learning from mistakes, and being deliberate and methodical in learning how to

find and diagnose potential issues from unexpected results. While troubleshooting is indeed a

skill that we need to help students learn, it can be frustrating and overwhelming if a student

does not have a partner or they don’t feel comfortable asking for help, since students may

not have the self-confidence and prior skills to effectively carry out the troubleshooting task

without appropriate guidance and scaffolding support. In particular, one difficulty with our

initial approach was that it put the onus on students to ask the instructor for assistance if

they were struggling.

For students who end up working alone, and for those with lower levels of self-efficacy, it

sometimes meant that students didn’t feel comfortable asking for help. Based on discussions

with students, we found that this affected two students in the first years of the lab trans-

formation. A male student who did not have a partner because he was the ‘odd one out’

in his year described the lab as very difficult and felt very negatively about his experiences.

He struggled to complete the experimental work and write up a lab report by himself. This

is not surprising since the amount of lab work was designed to be shared by two students.

A female student from a different year of the lab transformation, who described this class

as “totally awesome” in principle, explained how being the only woman in the lab course
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meant that her male classmates “kind of paired off”, leaving her to work alone. As an

unsupported solo student, she reported that the course “was just really hard... there isn’t

that much guidance, and that can make it really difficult, especially because I was doing

it without a partner.” She described struggling with the equipment and having difficulty

managing the troubleshooting while working alone, saying, “If I don’t know what I’m doing,

it’s hard for me to say what help I need because I don’t know where I’m going wrong in

this.” She added, “You start off and you have the oscilloscopes and you have to hook up a

bunch of stuff with cables, which I had never done before, and I didn’t know what all these

cables were and where you’re supposed to get them, and it was a ton of just learning how

to do measurements.” Frustrated by the struggle of working alone on a lab designed for two

students, her experiences led her to question whether she belonged in physics labs, saying “I

just didn’t feel like I was supposed to be there at a certain point.”

While both the male and the female student found working alone to be difficult, being

left alone to do all the work had a more detrimental effect on the female student. Perhaps

because of a lower sense of belonging and a lower level of self-efficacy,[157, 205] the female

student dropped out of the course, enrolling in the regular introductory lab instead, while

the male student in the same situation was frustrated by being left alone but managed to

persist and complete the class.

We note that, since it may be more difficult for underrepresented students such as women

to find a partner to work with in labs such as these, it is important that instructors be

deliberate and thoughtful in ensuring that students are not left to work alone if they are

not adequately supported to succeed while doing so. After identifying this challenge, we

took steps to ensure that subsequent offerings of the honors lab would allow students the

opportunity to work in groups of 3 if necessary, that the instructor would form groups if

anyone was being left out, and that the instructor would take initiative to visit students

working on labs in order to provide more support to students who need it, whether they ask

for it explicitly or not.

In the most recent offering of the course, the female students who enrolled in the course

found partners and no students dropped out because of needing to work alone. Moreover,

two female students who worked together in the most recent offering of the transformed lab
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described their experience in the class as a very positive one. They appreciated that the

lab instructor, aware of the challenges faced by students in this lab, frequently checked in

with them and was willing to answer their questions quietly in a corner of the room where

they wouldn’t be overheard by other students. For students with a lower sense of belonging,

it can be particularly valuable to be able to ask questions without fear of being judged by

their peers. Similarly, a female student who worked with a male partner described the lab

as being a good course, challenging but fair.

7.4 Discussion and Summary

Based on our experiences, we offer the following advice for instructors of similar labs

who wish to ensure their students are being given equal learning opportunities and not

being overly burdened when they have students work in groups:

1. Ensure all students have an opportunity to benefit from working with a partner,[267]

even if they might initially prefer to work alone.

2. Assign students to groups if needed, respecting that students may benefit from choosing

their own partners when they work in pairs.[14] For groups of more than two, be careful

to avoid marooning underrepresented students (e.g., a woman working with two men)

and attend to the roles students assume in their group work.[125, 74] As the female

student who dropped the transformed lab after being left to work alone in the earlier

implementation of the lab explained, “Making the teachers assign partners, as uncool as

that is, would definitely help”.

3. Rotating groups occasionally (e.g., every few weeks) can help students break out of bad

work habits and learn to work with different partners.[125]

4. Check in with students frequently. Seek to make it normal to ask questions and seek

guidance without fear of being judged, and take advantage of the opportunity to provide

guidance to students out of earshot of their peers where they can feel more comfortable

(this may be particularly beneficial for underrepresented students).
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Labs that target physics majors have the potential to provide students the opportunity

to develop experimental skills and expertise with research-grade equipment and help them

learn to think like a physicist. The Arduino-based instrument described here is a flexible and

powerful device that helps to meet this opportunity. Meanwhile, changes in the structure of

the course such as supporting the development of troubleshooting skills, scaffolding ‘above

and beyond’ work, and adopting open-ended skills-based work could help students to develop

essential scientific skills for future research in academic and non-academic settings.[49, 167]

While the spectrum of types of ‘above and beyond’ work shown in Fig. 5 is impressive,

we are in the process of both improving the overall quality of this type of work and helping

students who do not undertake ‘above and beyond’ work for all their lab reports. We may

think of this challenge as seeking to balance the innovative aspect of student work with the

need for students to practice skills to improve their efficiency in the work they do in the

lab.[257] In other words, we need to ensure that the struggle students experience in the lab

is productive [160] and that students are not frustrated with the open-ended nature of the

troubleshooting and ‘above and beyond’ tasks. Moving forward, we plan to provide improved

support and guidance for students as they learn to troubleshoot their apparatus, such as by

playing out simulated problems in a coordinated way.

Past research suggests that active learning (of which lab work is an example) can con-

tribute to decreasing the performance ‘gap’ between overrepresented and underrepresented

groups of students.[191] However, further investigations suggest that it is the implementation

of active learning that is the critical factor in determining whether active learning is able to

close these performance gaps. In particular, one study [161] showed that while all students

learned more in evidence-based active learning classes, the performance gap between men

and women increased from pre to post test. This is the main reason we focused explicitly on

the experiences of individual students in our evaluation of this transformed honors lab via

individual interviews and lab observations. More generally, our findings support the claim

that failing to attend to the needs of traditionally-underrepresented groups of students in

the lab risks perpetuating inequities in physics.[74] For the honors lab, which is taken by

many of our physics majors, this first college experimental physics experience is critical for

students who may already struggle to see themselves as physicists.[44] Therefore, we con-
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ducted individual interviews with a subset of students in order to highlight the importance of

attending to the needs of underrepresented students even if there are very few such students.

The struggles of these types of students will not be captured by aggregate data such as the

E-CLASS scores in Fig. 6.

The transformation of a second-year honors lab curriculum offers an exciting opportunity

to increase the relevance, accessibility, and quality of an essential physics learning experience.

It is important for such transformations to be done in a way that ensures that students are

adequately supported and carefully accounts for the complete processes of anticipated skill

development. By doing this, new lab courses such as the one introduced here can provide a

venue for all students to develop both positive physics identity and valuable research-ready

lab skills.
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8.0 Lessons from Transforming Introductory Labs

Recent research on introductory physics labs suggests that students are neither learning

physics concepts nor developing expert-like attitudes toward experimental science [134, 313].

One criticism leveled at introductory physics labs is their ”cookbook” nature, whereby stu-

dents follow a series of directions in a lab manual, producing results without understanding

the underlying physics concepts or engaging with the scientific process at anything other

than a superficial level [135]. Notable efforts to move beyond the cookbook approach have

focused on building inquiry-centered learning environments [3, 8, 35, 96, 214].

This work focuses on a calculus-based introductory lab, offered at our university as a

separate, 2-credit, course for chemistry and physics majors. Enrollment during the semester

of investigation was 30% female. Students attend a weekly 1-hour lecture in which the

instructor gives an overview of the relevant physics topics to be encountered in the lab that

week, and a 3-hour lab session where they work with a partner at a computer-equipped lab

bench. The labs are run by graduate student teaching assistants (TAs).

Our first effort to reform this course was the introduction of 6 electricity and magnetism

labs from the inquiry-based Real-Time Physics curriculum [278]. These replaced cookbook

labs during weeks 5-10 of the 12-week sequence, and served as a trial before securing funding

for apparatus to switch to a full implementation. Students completed worksheets from the

Real-Time Physics lab guide, and also did pre-lab exercises and post-lab homework from the

guide. Neither TAs nor students received any special training for this style of lab, nor were

efforts made to motivate the switch or get ”buy-in”.

Here, we present results from a series of reflexive ethnographic-style observations [39]

and pre/post attitudinal surveys. The observations shed light on students’ behaviors and

the social dynamics in the lab while the attitudinal survey helps us to identify students’

beliefs about the nature of lab-work and their lab experiences. Taken together, these results

help to illuminate what students are thinking and doing in their lab classes, and thus guide

further reform efforts.
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8.1 Methodology

Ethnography: The first half of this work is based on approximately 100 hours of obser-

vations spread over the same semester as the survey administration. These observations were

performed using an ethnographic protocol adapted from the field of cultural anthropology

[39]. Given the potentially subjective nature of such work, the observer must be reflexive:

that is, adopt ”an approach to participant observation that recognizes that we are a part of

the world we study” [38].

Consequently, it is essential for the observer to strike a balance between involvement in

the culture being observed, on one hand, and affective detachment from it, on the other

[39]. The observer becomes a natural and accepted figure, while still retaining the ability

to make observations that are as unbiased and as revealing as possible. Conclusions are

reached by collaboratively evaluating the observer’s field-notes and impressions while taking

into account the observer’s background and the context for the observations.

In the labs, the observer (D.D., a graduate student) introduced himself as a researcher

interested in monitoring and improving the lab experience, and positioned himself as a

friendly but taciturn fixture of the lab-room. He sometimes sought students’ opinions on

the work they were doing, and occasionally answered student questions or stepped in when

students were at risk of doing something dangerous.

Mostly, however, the observer sat at the side of the room: watching, listening, and

recording notes. He was careful to avoid interfering with TA-student interactions or with

the students’ lab-work. The observer’s experience with inquiry-based instruction at the high

school level meant that he was readily able to discern the cookbook labs’ inability to engage

students in sense-making. On the other hand, as a white male, it took him longer to start

recognizing aspects of psychosocial interactions such as microaggressions.

Several times through the semester, the observer and the collaborators performed a re-

flection activity designed to consolidate observations and identify relevant threads in ethno-

graphic research [194]. Some threads, such as gender dynamics and student-TA interactions,

prompted focused attention to aspects of the lab in future observations. At the end of the

semester, a meta-reflection was performed on the observations and reflections to weave these
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Figure 7: Average E-CLASS pre and post scores, with the statements ordered according to

ascending pre-instruction score, for transformed physics labs.

threads into a report about the student experience in the lab.

E-CLASS: The quantitative portion of this work is based on an E-CLASS [308] survey

administered in the second and second-to-last weeks of the lab course. The survey was

distributed in the last 10 minutes of the lecture, and students were asked to indicate their

responses on bubble sheets. The survey was anonymous: no demographic information was

collected, nor was any incentive provided for completion.

As a research-validated instrument, the E-CLASS is designed to probe student expec-

tations and epistemologies related to lab-work and the role of experiments in science [308].

The survey asks students to respond to statements such as ”When doing an experiment,

I try to understand how the experimental setup works.” Although the original study asks

students to respond in additional ways, in order to keep the survey to a reasonable length,

we asked students only to respond to the 30 statements from their own perspective.

Responses are indicated on a 5-point Likert scale, and compared with the expert-like

response. The ”strongly agree” and ”agree” responses are aggregated, as are the ”strongly

disagree” and ”disagree”, and accorded points such that each question is valued at +1 if the

student’s response is expert-like, 0 if neutral, and -1 if the student’s response is novice-like.

Averaged over all students, the result is a score from -1 (novice-like) to +1 (expert-like) for

each of the 30 statements.

Themes: After the ethnographic protocol produced a set of relevant pedagogical themes

in the lab classes, a team of 8 PER researchers was asked to classify each of the 30 E-CLASS
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statements according to those themes. The researchers ”agreed” on their classification if at

least 7 of the 8 researchers identified a statement with the same theme, and no more than

3 of the researchers also classified the statement with a second theme. A Fleiss’ kappa test

was used to assess the inter-rater reliability between the 8 raters [97].

8.2 Results and Discussion

The synthesis of ethnographic observations identified a number of key themes in student

lab experiences common to cookbook-style and inquiry-based labs. First, a recurring theme

was the degree to which students demonstrated agency in their lab-work. The lab manuals

simplified the work and thinking expected of students, and both the preceding lecture and

TA support further narrowed the scope of the learner’s agency. Consequently, students were

rarely required to make decisions about how to collect, process, or present their data, and

often struggled when such decision-making was required.

Second, as the semester progressed, we noticed a decrease in some students’ willing-

ness to undertake lab tasks, attempt explanations of complex concepts, or take initiative in

completing lab work. This decreased engagement was oftentimes gendered: for example, a

female student who is increasingly withdrawn as a male colleague takes over the apparatus.

Recent work from our group reported that the self efficacy of female (but not male) stu-

dents decreased significantly during physics classes at this level [201]. Thus, given how self

efficacy can inform learner engagement, we determined that the self efficacy of female and

underrepresented minority students should be an important point of reference.

Third, we saw a number of students misunderstanding the nature of scientific knowledge-

generation in experimental physics. For example, some espoused the belief that the purpose

of experiments was simply to confirm known results. Since this was explicitly the purpose of

much of their cookbook-style lab-work, it is possible that the lab was reinforcing undesirable

beliefs about the nature of science. This agrees with recent findings in related work [143, 144].

Fourth, we identified a spectrum of fundamental lab skills, with some students failing to

correctly read fundamental measuring devices like calipers or multimeters.
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These four themes (learner agency, self efficacy, nature of science, lab skills) may be im-

portant dimensions for further reform effort. Therefore, the researchers sought to determine

whether these themes could be identified in the E-CLASS survey. If we could identify state-

ments that correspond to particular themes, scores on those statements could be used to

guide and evaluate reform efforts. In total, 10 of the 30 statements met these criteria: four

statements that the researchers associated with self efficacy, and six that were associated

with nature of science. No statements were associated with the other two themes to this

stringent level of agreement.

The inter-rater reliability on the 10 statements for which the researchers found agreement

gave κ = 0.68 (substantial agreement [175]), indicating that this reduced categorization

scheme is a meaningful one. Thus, it is reasonable to use these 10 statements from the

E-CLASS survey to track the extent to which our students’ self-efficacy and understanding

of the nature of science are being impacted by the lab course.

8.2.1 E-CLASS Results

A total of 49 valid responses were obtained from students in the second week of the lab

course, and 33 valid responses in the second-to-last week of the course. Three responses were

discarded because the student penciled in the same response for each statement. This rep-

resents a majority of the students in the lab class. The initial enrollment was 56, decreasing

slightly to 48 by the end of the course.

We compared the results from our implementation of the E-CLASS with the national

norms established in Ref. [308]. Averaging over all the responses to all the statements, we

find that our pre and post scores are each indistinguishable from their national norms. Given

that the post condition reflects the impact of 4 weeks of cookbook-style labs and 6 weeks of

the inquiry-based investigations, this result indicates that the overall effect of this admixture

of learning tasks was not different from ”business as usual” cookbook labs.

We also compared E-CLASS pre and post scores. The overall effect is a decrease in

expert-like responses, with the average score decreasing from 0.53 to 0.48 (on a scale from

-1 to +1). These results are similar to the national norm [308]. Item-level responses are
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presented in Fig. 7.

Table 8: E-CLASS statements identified as relevant to Self Efficacy.

2 If I wanted to, I think I could be good at

doing research.

9 When I approach a new piece of lab equip-

ment, I feel confident I can learn how to use

it well enough for my purposes.

13 If I try hard enough I can succeed at doing

physics experiments.

24 Nearly all students are capable of doing a

physics experiment if they work at it.

8.2.2 Self Efficacy

The four statements identified as belonging to the theme of self efficacy are listed in Table

8. On statements 2, 13, and 24, our students exceeded the national norms on the pre-test.

Statement 9 is narrowly contextualized to the use of lab equipment, and has a lower pre-test

score than the national norm. The average score on these items decreased from 0.86 to 0.77,

in line with the national norm [308].

One possible reason for this decrease, suggested by our observations, may be the preva-

lence of microaggressions in lab social interactions. Some examples we observed included

male students increasingly taking over control of the experimental apparatus from their fe-

male partners, students of color being snubbed by peers while choosing their lab partners,

and TAs responding differently to male and female students.

These observations point to the importance of TA preparation that includes equity and

anti-bias training in setting up and managing the lab as a sociocultural environment. More-

over, in evaluating further reforms, we will look at responses to these four statements as a

source of information about the degree to which the lab may be differentially affecting the
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self efficacy of female and underrepresented minority students.

Table 9: E-CLASS statements identified as relevant to the Nature of Science.

16 The primary purpose of doing a physics experiment is to confirm

previously known results.

22 If I am communicating results from an experiment, my main

goal is to make conclusions based on my data using scientific

reasoning.

23 When I am doing an experiment, I try to make predictions to see

if my results are reasonable.

26 It is helpful to understand the assumptions that go into making

predictions.

28 I do not expect doing an experiment to help my understanding

of physics.

30 Physics experiments contribute to the growth of scientific knowl-

edge.

8.2.3 Nature of Science

Six statements were identified as being related to the nature of science (Table 9). The

students scored well on these statements (> 0.50), with the exception of statement 16, which

is about lab-work confirming previously-known results. Since much of the lab-work drew on

theory the students had already seen multiple times, this novice-like response on statement

16 actually corresponds to their experience of experimental physics in this course.

Our results show the average score on these items decreased slightly from 0.66 to 0.63.

However, since our lab course is designed to help students learn about the role of experi-

mentation in the nature of science, we might hope that scores for these statements would

increase. Even though the scores are mostly expert-like, the importance of the nature of

science in an experimental physics course means this is nonetheless a theme to be addressed.
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Our ethnographic observations suggest that one source of this novice-like thinking may

be that students entered the lab excited to do experiments, but were disappointed to find

that their work was routinized and simplified. They rarely confronted phenomena, theory,

or experiments that are not already outlined in a standard textbook, and typically found

themselves asking questions such as, ”What does the lab manual tell us to do next?” rather

than doing sense-making and asking ”How can we understand this more meaningfully?”

Thus, we plan to modify the labs and implement tasks that more-closely model under-

standing of the nature of science we wish students to adopt during the lab. We also plan

to introduce activities that will help students make connections between the experimental

physics done in the lab and the model of scientific knowledge production we wish to promote.

Table 10: Low-scoring E-CLASS statements associated with inadequate skill development

in cookbook-style labs.

14 When doing an experiment I usually think up my own questions

to investigate.

17 When I encounter difficulties in the lab, my first step is to ask

an expert, like the instructor.

21 I am usually able to complete an experiment without understand-

ing the equations and physics ideas that describe the system I

am investigating.

29 If I don’t have clear directions for analyzing data, I am not sure

how to choose an appropriate analysis method.

8.2.4 Impact of Cookbook-Style Labs

Our observations also suggested that students rarely spent time investigating phenomena

that weren’t explicitly mentioned in their lab manuals. Likewise, we saw that students often

had difficulty troubleshooting their apparatus. Similarly, it was rare to see students make

connections between the equations of the underlying theory, on one hand, and the resulting
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graphs and calculations, on the other. In the case of the cookbook labs, this may have been

because the procedure was simplified so much that such connections were already made

for them in the lab manual. These observations suggest that cookbook-style labs are not

adequately helping students to learn the skills indicated in the AAPT recommendations for

labs [1]. As shown in Table 10, four of the six lowest-scoring E-CLASS statements reflect

these skills and attitudes.

8.2.5 Impact of Inquiry-Based Labs

The Real-Time Physics inquiry-based sequence is, in some ways, the opposite of a cook-

book lab: it focuses on concept development, and interactions with experimental apparatus

are mostly unstructured. Real-Time Physics labs intersperse instructions with questions

related to the physics theory, which we observed to promote meaningful and engaging dis-

cussion about physics concepts: students were much more likely to engage in conversation

about physics concepts with their peers during the six Real-Time Physics labs.

Nonetheless, we cannot separate the impact of this inquiry-based approach from cookbook-

style labs, as the E-CLASS post scores do not differ from the national norms. This may be

because our implementation of Real-Time Physics was for only half of the course, and that

we didn’t plan for specialized TA training, student and TA ”buy in”, or the targeted devel-

opment of some specific lab skills. Our results emphasize the difficulty of implementing an

inquiry-based approach to lab-work.

8.3 Conclusions and Future Plans

Initial steps were taken to transition an introductory lab course from a cookbook-style

experience toward one driven by inquiry and meaningful learning. Our E-CLASS survey

data suggests that the piecewise-adopted inquiry-based curriculum was not successful in

achieving these goals. Our ethnographic observations strengthen this claim, and suggest

that the causes may be related to microaggressions and social dynamics, counterproductive
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messaging about the nature of science, and other issues related to the structure of the labs.

We have identified three directions for future growth. First, we have begun to develop a

robust TA training module to ensure that student inquiry is being supported effectively and

fairly. Second, we have started creating small supplemental learning activities so students

can explicitly learn about the nature of science and develop lab skills (e.g., how to make

quantitative comparisons). Third, we offered a full sequence of Real-Time Physics labs in

the following academic year. Meanwhile, the E-CLASS survey will allow us to monitor the

impact of our efforts on the self-efficacy of female and underrepresented minority students, on

students’ understanding of the nature of science, and on our success in inculcating expert-like

attitudes and lab skills.
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9.0 Attitudes Toward Experimental Physics in Inquiry-Based Labs

In recent years, there has been renewed interest in introductory college physics lab

courses [136], leading to the development of a variety of formats and pedagogical approaches

for introductory physics labs in a similar way to development and analysis of approaches

for lecture-based classes [158, 161]. In part, this interest has been driven by research that

suggests students do not learn physics concepts in traditional, highly-structured physics

labs [134, 274]. In addition to addressing the need for students to learn physics concepts,

another important course goal that motivates some lab transformations is the inclusion of

scientific inquiry in lab experiences [1, 104]. By inquiry, we refer to experimental work

designed to probe and illuminate the validity and functioning of scientific models or hy-

potheses [10, 171].

Corresponding to the various goals of lab transformations, a variety of evaluation tools

have been developed and employed. Concept inventories such as the Force Concept In-

ventory (FCI) [130], the Force and Motion conceptual Evaluation (FMCE) [290], and the

Mechanics baseline Test (MBT) [129] have been used to determine how much labs have

helped students learn physics concepts. Assessments like Physics Lab Inventory of Critical

Thinking (PLIC) [297] and Physics Measurement Questionnaire (PMQ) [296] have been used

to measure students’ lab skills, such as critical thinking and uncertainty analysis. Surveys

such as the Colorado Learning Attitudes About Science Survey for Experimental Physics

(E-CLASS) [308, 313] and the Maryland Physics Expectations Survey (MPEX) [240] have

been used to evaluate changes in students’ expectations about physics and attitudes toward

aspects of experimental physics. It is noteworthy that traditional physics labs see a de-

crease in students scores on the E-CLASS [308] and other attitudinal surveys, suggesting

that un-transformed lab instruction might push students to adopt less-expert-like views and

attitudes about experimental science.

One approach to transforming lab courses is to integrate lab and lecture, creating a learn-

ing environment that allows students to engage in scientific inquiry while also building up

their understanding of physics concepts. Since inquiry is integrated into the course and class-
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rooms are rearranged to promote collaborative work, such approaches typically do not have

separate lab courses. Some examples of this approach include the Investigative Science Learn-

ing Environment (ISLE) [96], Modeling Instruction [35], Physics by Inquiry [214], Student-

Centered Active Learning Environment with Upside-down Pedagogies (SCALE-UP) [26],

Studio Physics [179], or Technology-Enabled Active Learning (TEAL) [27]. This approach

has been associated with improved conceptual learning for students and unchanged (i.e.:

not decreasing) attitudes toward experimental physics [309]. However, due to financial,

scheduling, or other constraints, it may not be possible for all institutions to switch from a

lab-and-lecture introductory physics sequence to an integrated course.

For introductory lab courses that are not integrated, many transformed lab courses

have adopted conceptual inquiry-based curricula. Conceptual inquiry-based lab curricula

focus on providing students opportunities to conduct experiments as a way to develop

their understanding of physics concepts [104]. Evaluations of conceptual inquiry-based

labs have reported on student conceptual understanding using the FCI [45, 226, 243, 294],

MBT [226, 243], and FMCE [278]. However, little work has been done to evaluate how

inquiry-based labs may affect students’ attitudes toward experimental science. Student atti-

tudes toward, and understanding of, experimental can be an important learning outcome for

lab courses, and can also moderate the effectiveness of lab work on conceptual learning. One

study reported that E-CLASS scores increased in an inquiry-based lab but, as the authors

argue, the context of that study makes it difficult to extrapolate [264]. A large-scale study

by Wilcox and Lewandowski shows that students’ attitudes toward experimental science de-

crease in “guided” introductory physics labs and do not decrease in “open-ended” labs [311].

Another study using the same data shows that students’ attitudes decrease in introductory

physics labs in which the purpose is to “reinforce physics concepts” but increase very slightly

in labs in which the purpose is to “develop lab skills” [312]. However, since many conceptual

inquiry-based labs do not fall neatly into the guided/open-ended/concepts/skills categoriza-

tion scheme, it may be difficult to infer definite conclusions from this work about the impact

of conceptual inquiry-based lab curricula on students’ attitudes toward experimental physics.

Thus, we seek to address the research question: How are students’ attitudes toward

experimental physics impacted by a conceptual inquiry-based curriculum, as measured by the
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E-CLASS?. In addition, we seek to shed some light on two additional questions: What is the

impact on students’ attitudes of adding questions to a conceptual inquiry-based curriculum

that ask students to reflect on the nature of their experimental work? And what is the

impact on students’ conceptual understanding in this conceptual inquiry-based introductory

physics lab of different lab curricula?

9.1 Materials and Methods

At many institutions, the introductory physics sequence is offered as a two-semester

series of lectures with associated labs. In contrast, at our institution, a large public research-

intensive university in the USA, the introductory physics lab is a single course that is not

associated with the introductory lecture courses, although there is overlap in the physics

concepts covered. The lab requires that students are simultaneously enrolled in, or have

completed, the second semester of the introductory physics lecture course. Thus, all of the

students who are enrolled in the lab have already completed the first half of the introductory

physics sequence, and have completed their studies of the topic of mechanics.

In our labs, students collaborated in groups of 2 (or 3, if necessary), to conduct their

experimental work. They wrote a group lab report during the three-hour lab period. Un-

derstanding the nature of student collaboration in introductory labs is beyond the scope of

our analysis in this chapter, but has been reported elsewhere [74, 81].

9.1.1 Three Lab Curricula

In our study, students completed three different lab curricula. The first of these, which we

will refer to as the traditional curriculum, is a set of highly-structured lab exercises that were

written by the author’s collaborator [50]. In the traditional curriculum, students followed

step-by-step instructions as they set up apparatus, made measurements, and performed cal-

culations. Measurements and calculations were submitted digitally using LON-CAPA [172],

which performed some checks to ensure measured values were reasonable and calculated
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values were correct. Since they were given step-by-step instructions, students were able to

operate sophisticated equipment, including oscilloscopes (measuring the speed of sound in a

cardboard tube), teltron tubes (determining q/m for an electron), and spectrometers (spec-

tra from discharge tubes). The lab manual provided a review of the relevant physics each

week, but students often found themselves ritualistically following the instructions from the

lab manual rather than thinking about physics concepts. The traditional curriculum may

be akin to introductory physics lab instruction as it has been practiced in many colleges and

universities over the past century [31].

The second curriculum represents our best effort to faithfully implement 12 inquiry-based

labs from the RealTime Physics curriculum [276, 277, 279, 280]. The design of these labs was

informed by physics education research and, indeed, RealTime Physics has been shown to

boost student understanding of physics concepts [278]. In our implementation of RealTime

Physics labs, students completed a pre-lab activity individually, conducted the lab-work

in pairs, and then completed a post-lab homework assignment individually. Each of these

three tasks was graded. The lab-work called for students to develop multiple representations

of physics concepts (e.g., ticker tape-style dot diagrams, velocity-time graphs, and written

descriptions of motion). The lab-work frequently used a cycle whereby students made a

prediction about the outcome of a simple phenomenon (e.g., what are the forces when two

carts collide?), and then conducted the phenomenon to check their prediction (e.g., collide

two carts with force probes on a dynamics track). The RealTime Physics labs are structured,

in the sense that students complete a series of tasks, including stating predictions, conducting

small experiments, and answering questions that connect experimental results to physics

concepts. Students used computer-based data collection with Vernier equipment, including

dynamics tracks, sensors, and optics benches. In our implementation, students completed 6

mechanics labs, 3 electric circuits and electromagnetism labs, and 3 optics labs, outlined in

Table 11.

The third curriculum represents our efforts to adapt RealTime Physics to the needs of

our students and our course goals, which were to improve student conceptual understanding

of physics and to help students learn skills and ways of thinking relevant to experimental

physics. For this third curriculum, we kept the pre-lab and post-lab assignments from Real-
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Table 11: The 12 labs included in the RealTime Physics and RealTime Physics + Reflection

curricula.

Week Lab

1 Changing Motion

2 Force and Motion

3 Combining Forces

4 Newton’s Third Law and Conservation of Momentum

5 Two-Dimensional Motion

6 Conservation of Energy

7 DC Circuits

8 Capacitors and RC Circuits

9 Magnetism and Electromagnetism

10 Reflection and Refraction

11 Geometrical Optics

12 Waves of Light
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Time Physics. We changed the lab-work that students performed in only one significant way,

by adding reflection questions [159] to the lab-work. These questions called for students to

reflect on the nature of science and ways of thinking in experimental science, and are inspired

by the American Association of Physics Teachers Recommendations for the Undergraduate

Physics Laboratory Curriculum [1] and recent scholarship about reflection and critical and

scientific thinking in physics labs [84, 138, 144, 169, 248]. These reflection questions asked

students to think individually, confer with their lab partner, and then write a group response,

therefore requiring both collaboration and metacognition. We refer to this third curriculum

as RealTime Physics + Reflections.

Five of the first six such reflections are presented in table 12. For brevity, surrounding

text that unpacked and contextualized the questions has been removed. In pairs, students

would write paragraph-long answers to these questions, which would be graded using a

rubric. Alongside each reflection question, we also present an E-CLASS item that is closely

aligned with the reflection question. During the fifth, and after the sixth week of labs, the

reflection questions tackled topics such as the usefulness of simulations, the importance of

varying only one variable at a time, and the process of theories becoming accepted in science.

Since these topics are not closely aligned with E-CLASS items, they are not presented here.

9.1.2 Students

At our university, we offer two sets of physics courses: algebra-based and calculus-based.

Most students in the algebra-based physics courses are health science majors (e.g., pre-

medical students), while the calculus-based physics courses mostly enroll engineering and

physical science students. These two streams, algebra-based and calculus-based, also have

different physics lab courses. Thus, an algebra-based lab is made up mostly of health science

majors. However, since engineering students are not required to take the introductory physics

lab, the calculus-based lab course is made up mostly of physical science majors. Nonetheless,

the lab curriculum is indistinguishable between the two streams, so that the only difference

between the algebra-stream and calculus-stream labs is the pool of students enrolled in

them. This research was carried out in accordance with the principles outlined in University
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Table 12: Reflection questions from five of the first six labs from the RealTime Physics +

Reflections curriculum.

Week Question E-CLASS item

1 Why are predictions so useful and

important in experimental sciences

like physics?

When I am doing an experiment, I

try to make predictions to see if my

results are reasonable.

2 Why is it important to think about

sources of systematic error when do-

ing physics experiments?

When doing a physics experiment, I

don’t think much about sources of

systematic error.

3 Why is it important for scientists to

use uncertainties when they analyze

and share their work?

Calculating uncertainties usually

helps me understand my results

better.

4 Why is it important that physics stu-

dents have opportunities to come up

with their own experiments to inves-

tigate?

When doing an experiment I usually

think up my own questions to inves-

tigate.

6 Some people believe that the purpose

of doing a physics lab is simply to

verify facts about physics that you

already know... What is the goal of

the physics lab?

The primary purpose of doing a

physics experiment is to confirm pre-

viously known results.
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of Pittsburgh Institutional Review Board (IRB) ethical policy with approval number/ID

IRB: PRO15070212.

During the four semesters that we collected data, we adopted RealTime Physics in a

piecewise fashion across the algebra- and calculus-stream labs. For the first two semesters,

the algebra-stream labs used the traditional lab curriculum while the calculus-stream labs

used the RealTime Physics curriculum. During the third semester, all labs used the RealTime

Physics curriculum. During the fourth semester, all labs used the RealTime Physics +

Reflections curriculum.

9.1.3 Other Potentially Relevant Factors

During the final semester in which we collected data, our university switched to emer-

gency remote instruction due to the COVID-19 pandemic. As a result, the last five weeks

of lab were completed asynchronously and individually, using simulations, rather than in

pairs in-person. The pre-lab and homework were completed as normal, and 97% of stu-

dents were able to complete all the lab-work remotely. Remote instruction at our university

began March 23, and the E-CLASS survey was completed by students April 2-10. In the

survey, we asked students about their attitudes toward the physics experiments they had

conducted in the lab. Therefore, since students were exposed to a relatively short window

of simulation-based asynchronous labs, and were asked to respond to the E-CLASS survey

based on their in-lab experiences (which they had mostly completed), we do not believe

that student responses during this fourth semester are substantially different because of the

switch to emergency remote instruction.

The introductory physics labs at our university are run by graduate student teaching

assistants (TAs). The TAs take a course on physics pedagogy during their first year in

graduate school [204], and receive professional development related to their work supporting

student learning in the labs during weekly lab TA meetings. This professional development

focused on helping TAs support inquiry learning and inclusion in the labs, and is described

elsewhere [75]. During the four semesters that data was collected, the professional develop-

ment offered to lab TAs evolved only slightly. For example, during the first semester the

132



TAs wrote reflections during one lab TA meeting, whereas in subsequent semesters they

discussed their reflections verbally. Thus, we do not believe that slight evolutions in the lab

TA professional development would have impacted student survey responses.

Based on our experience with introductory physics labs at our university and the re-

search literature, we have identified three additional factors, beyond those described pre-

viously, that may account for variation in how much students learn in the course. First,

there are somewhat different pools of students in the fall and spring semesters for this lab

course (similar to ‘on-sequence’ and ‘off-sequence’ enrollment [5]). Students in the spring

semester are slightly more likely to be pursuing a pre-health science academic track (e.g.,

pre-medicine), are slightly more likely to be concurrently enrolled in the second semester of

the physics lecture course while taking the lab, and have marginally higher high school grade

point average (GPA), SAT Math scores, and grades from the first semester of physics. Sec-

ond, we note that students who have stronger academic preparation are sometimes able to

engage more productively in the lab [261]. Third, we note gender differences in how students

approach and conduct their lab-work [61]. This suggests that, in attempting to understand

the impact of our different curricula on student attitudes toward experimental physics, it

will be important to account for differences in students’ gender, academic preparation, and

the semester in which they are enrolled.

9.1.4 Model and Mathematics

We propose a linear model [108, 288] to predict students’ end-of-semester (PostScore)

E-CLASS scores based on which version of the curriculum they experienced (Inquiry,

Reflection). To account for the possibility of other significant factors impacting our re-

sults, and to minimize the potential impact of omitted variable bias [298], we also include

variables for students’ start-of-semester E-CLASS scores, the course (either algebra-stream

or calculus-stream), the semester (either fall or spring), the student’s high school GPA,

and the student’s gender. The model predicts coefficients (β), which may be interpreted as

the predicted change in PostScore associated with the factors, with all other factors held
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constant. Mathematically, this model takes the following form:

PostScorei = β0 + β1 Inquiryi + β2Reflectioni

+ β3 PreScorei + β4Coursei + β5 Semesteri

+ β6GPAi + β7Genderi + εi

(2)

PostScore and PreScore are student scores from the E-CLASS, a validated “expecta-

tions and epistemology” [321, 308] survey that aims to measure the extent to which students

hold expert-like attitudes toward experimental physics. A total of 30 items are answered

on a 5-point Likert scale, with +1 for each expert-like response (e.g., responding “strongly

agree” or “agree” to an item for which the expert response is agreement), 0 for each neutral

response, and -1 for each novice-like response (e.g., responding “strongly disagree” or “dis-

agree” to an item for which the expert response is agreement [308]. The theoretical range of

scores on E-CLASS is from -30 to +30. The validation of E-CLASS found an average score

of 15.8 on the pre and 14.4 on the post for a national (USA) sample [308]. In interpreting the

models in the results section, the coefficient of PreScore indicates the correlation between

PreScore and PostScore. For example, a coefficient of 0.73 means that each point a student

scores on the pre predicts 0.73 points on the post, on average, with all other variables held

constant.

Inquiry is an indicator variable, taking on a value of 0 if the student was enrolled in a

lab with the traditional curriculum and 1 if the student was enrolled in a lab that used the

RealTime Physics curriculum (either with or without the additional reflection questions).

Reflection is an indicator variable that takes a value of 1 if the student was enrolled in a

lab that used the RealTime Physics + Reflections curriculum, and 0 otherwise. For both

these variables, the coefficients indicate the number of additional points students earn on

PostScore because they are enrolled in a lab that uses this curriculum, all else held constant.

Course is an indicator variable that takes a value of 0 for algebra-stream students and

1 for calculus-stream students. Semester is an indicator variable that takes a value of 0 for

students enrolled in the fall semester and 1 for students enrolled in the spring semester. For

these variables also, the coefficients indicate the number of additional points students are

predicted to get on the post score because they are enrolled in a calculus-stream or spring
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semester class, all else held constant.

GPA is the student’s high school grade point average, retrieved from university records

through an IRB-approved process that anonymizes student data to preserve privacy. The

intent of this variable is to provide an approximate accounting for the student’s academic

preparation. As a variable, GPA has been standardized to have a mean of 0 and a standard

deviation of 1. Therefore, the coefficient of GPA indicates the number of additional points a

student scores on PostScore corresponding to an increase in GPA by 1 standard deviation.

Gender is a binary variable that represents the student’s gender, with women assigned 0

and men assigned 1. The coefficient indicates the number of additional points on PostScore

for men, on average, with everything else held constant. While we acknowledge that gender

is fluid and non-binary, we note that gender is nonetheless an important factor that can

affect students’ experiences in the lab and so we seek to account for it as best as we are able.

In this case, we retrieved gender data from university records where it was stored as ”male”,

”female”, or ”other/unknown,” and excluded from our analysis the 4 or 5 (depending on the

analysis below) students whose gender was stored as ”other/unknown.”

As a secondary analysis, we consider the impact of the three curricula on only the five

E-CLASS items from Table 12 that are closely aligned with the reflection questions. We use

Eq. 2, but note that the PreScore and PostScore in this analysis will have a theoretical

range from -5 to +5.

In addition to the above analyses, we also look at the impact of the above factors on

students’ conceptual learning. For this, we use the Force Concept Inventory (FCI) [130].

While the only other study of RealTime Physics cited above uses the FMCE [278], most of

the other work on inquiry-based introductory physics labs has used the FCI. Furthermore,

our department has used the FCI in lecture courses for many years, and have typically found

increases of 5-6 points as students complete the first semester of physics. The FCI consists

of 30 items, each of which is either correct or incorrect, resulting in a score between 0 and

+30. To evaluate student conceptual learning, we use Eq. 2, but with the FCI scores used

as PreScore and PostScore intead of E-CLASS scores.

We calculated linear models using R Studio. All models were checked to ensure that

errors were normally distributed and heteroscedastic. No statistically significant interactions
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were found in the models. Parsimonious models were developed by iteratively removing non-

significant (p < 0.05) factors until all remaining factors are significant, with similar results.

We present both complete models and parsimonious models, but note that in all cases the

complete models maximized the Akaike Information Criterion [108] and are preferred for

reporting results.

9.2 Results

We collected data over four semesters, from fall 2018 to spring 2020. Students filled out

surveys during the lab sessions, and were given a small grade incentive for doing so. Students

completed the E-CLASS pre on the first day of lab and the post on the second-to-last day.

The FCI pre was also done on the first day of lab, and the post was done in week 7, after the

mechanics labs were finished. Survey responses that were incomplete, that lacked a correct

student identification number, or that had patterns suggesting the student did not provide

honest answers (e.g., if all ”A”s were selected) were removed. Pre and post responses were

matched, and only matched data is presented here. We thus analyzed E-CLASS data from

701 students and FCI data from 569 students.

Table 13 provides panel data about survey respondents according to their course, semester,

and curriculum. We have fewer responses from the calculus-stream labs because these labs

have lower enrollment (engineering students, who make up the majority of students in our

calculus-stream physics lecture sequence, do not take the physics lab at our university).

Table 14 shows results from our linear model for post E-CLASS score. Aside from the

pre E-CLASS score, we find two statistically significant factors that predict post E-CLASS

scores. Inquiry is not a statistically significant predictor, indicating that students’ E-CLASS

scores are not different whether the traditional or RealTime Physics curriculum was used.

However, Reflection is a statistically significant predictor of post E-CLASS score. Thus,

adding reflection questions to the RealTime Physics curriculum is associated with an increase

of 3.80 points on the E-CLASS post score, all else being equal.

In the the models on Table 14, we find that students’ gender is a statistically significant
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Table 13: Number of responses for E-CLASS and FCI for the three lab curricula.

E-CLASS FCI

algebra, fall 254 134

algebra, spring 392 348

calculus, fall 25 38

calculus, spring 30 49

traditional 208 73

RealTime Physics 175 196

RealTime Physics + Reflections 318 300

total 701 569

Table 14: Coefficients from complete (first) and parsimonious (second) models for E-CLASS

PostScore.

Factor β SE p β SE p

Inquiry 0.51 (0.81) 0.53

Reflection 3.80 (1.07) < 0.001 3.69 (0.49) < 0.001

intercept -0.15 (0.79) 0.85 -0.05 (0.61) 0.93

PreScore 0.73 (0.04) < 0.001 0.74 (0.04) < 0.001

Course 1.33 (0.93) 0.15

Semester -0.58 (0.89) 0.52

GPA 0.06 (0.25) 0.82

Gender 1.46 (0.52) 0.005 1.49 (0.51) 0.004

R2 0.46 0.46
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predictor of post E-CLASS score. Men scored 1.46 points higher on the post E-CLASS than

women, independent of their pre E-CLASS, high school GPA, and other factors related to

the nature of their lab. The final statistically significant factor in Table 14 is PreScore,

which significantly predicts PostScore.

We may also compare mean scores in order to interpret these results. We find that

students in labs that used either the traditional or RealTime Physics curricula (without re-

flection questions) averaged a pre E-CLASS score of 14.3 and a post E-CLASS score of 11.4.

Meanwhile, students in labs that used the RealTime Physics + Reflections curriculum aver-

aged pre E-CLASS scores of 16.4 and post E-CLASS scores of 16.3 as well. To visualize these

results, E-CLASS scores from algebra-stream students are presented semester-by-semester

in Fig. 8.

In a second analysis, based on results presented in Table 15, we find that the RealTime

Physics curriculum predicts a 0.33 point increase in students’ scores on a 5-item subset of

E-CLASS items related to the reflection questions. The RealTime Physics + Reflections

curriculum predicts an additional 1.04 point increase in this score, for a total advantage of

1.47 points compared with the Traditional curriculum. As with overall E-CLASS scores, the

difference comes from an averted decrease rather than an increase for the RealTime Physics

+ Reflections curriculum, compared to the traditional curriculum. Mean scores on the 5-item

subset decreased from a pre of 1.20 to a post of 0.12 with the Traditional curriculum, but

were unchanged, remaining at 1.68, with the RealTime Physics + Reflections curriculum.

In a follow-up to the main research question, we performed a similar analysis on students’

post FCI scores. These model results are presented in Table 16. Once controlled for course,

semester, preparation, and gender, we find that students in labs that used the RealTime

Physics inquiry-based curriculum (with or without reflection questions) were predicted to

have a post FCI score that was 2.60 points higher. In terms of mean FCI scores, this reflects

an increase from 16.7 to 17.7, on average, for students enrolled in labs that used the RealTime

Physics conceptual inquiry-based curriculum, compared with a decrease from 15.5 to 14.8,

on average, for students enrolled in labs that used the traditional curriculum.

Students enrolled in the calculus-stream physics labs had post FCI scores that were 1.89

points higher than students in algebra-stream physics labs, controlled for pre FCI score. This
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Figure 8: Violin plot of matched pre/post E-CLASS scores for algebra-stream students by

semester.
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Table 15: Coefficients from complete (first) and parsimonious (second) models for E-CLASS

Reflection Question PostScore.

Factor β SE p β SE p

Inquiry 0.33 (0.24) 0.17 0.41 (0.20) 0.04

Reflection 1.04 (0.35) 0.001 0.92 (0.18) < 0.001

intercept -0.60 (0.20) 0.003 -0.67 (0.15) < 0.001

PreScore 0.48 (0.04) < 0.001 0.48 (0.04) < 0.001

Course 0.17 (0.28) 0.54

Semester -0.13 (0.27) 0.64

GPA 0.06 (0.07) 0.43

Gender 0.54 (0.16) < 0.001 0.53 (0.15) < 0.001

R2 0.28 0.28

Table 16: Coefficients from complete (first) and parsimonious (second) models for FCI

PostScore.

Factor β SE p β SE p

Inquiry 2.60 (1.29) 0.04 2.46 (0.69) < 0.001

Reflection -1.38 (1.15) 0.23 -1.23 (0.47) 0.01

intercept 3.25 (1.32) 0.008 3.23 (0.75) < 0.001

PreScore 0.74 (0.04) < 0.001 0.75 (0.03) < 0.001

Course 1.89 (0.69) 0.006 1.85 (0.63) 0.004

Semester 0.12 (1.14) 0.91

GPA 0.16 (0.21) 0.46

Gender 0.02 (0.47) 0.97

R2 0.55 0.55
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difference reinforces the importance of including potential covariates such as Course in the

analysis. The pre scores on FCI significantly predicted post scores. No other factors were

statistically significant in our model.

9.3 Discussion

In our introductory physics labs, we found that students enrolled in labs that used a

conceptual inquiry-based curriculum demonstrated the same decrease in the level of expert-

like thinking on an assessment of their attitudes toward experimental physics as students

who were enrolled in labs that used a traditional, highly-structured curriculum. However,

students who were enrolled in a lab that used the conceptual inquiry-based lab curriculum

supplemented by additional reflection question avoided such a decrease. A similar pattern

of non-decreasing E-CLASS scores has been reported by other researchers for “open-ended”

labs, labs that “develop lab skills”, and integrated approaches to lab curricula such as ISLE,

SCALE-UP, or Studio Physics [309, 311, 312]. These results suggest that inquiry-based labs

that include reflection on the nature of science and ways of knowing in experimental physics

may also be suitable for colleges and universities that seek to transform lab instruction while

attending to students’ beliefs and attitudes related to experimental physics.

In designing the additional reflection questions for our conceptual inquiry-based labs, we

sought to align our students’ lab-work with the goals we identified for the course. Since we

decided that the AAPT lab recommendations [1] were well-aligned to our lab goals, we looked

through the recommendations and wrote reflection questions that asked students to think

about topics from the lab recommendations that were not otherwise addressed in our lab

curriculum. The first six reflection questions aligned neatly with E-CLASS items. Students

who enrolled in the lab with the RealTime Physics + Reflections curriculum scored 1.47

points better on these items than their peers who enrolled in the lab with the Traditional

curriculum. However, since the overall E-CLASS benefit from the RealTime Physics +

Reflections curriculum was 3.80 points, compared with the Traditional curriculum, the results

suggest that the effect of the novel curriculum was somewhat more than students simply
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responding to narrowly framed prompts. The process of revising lab-work to align with

course goals may worthwhile for other instructors who seek to improve or transform their

lab courses.

We also found a statistically significant difference between the post E-CLASS scores of

men and women, when controlling for pre E-CLASS scores. This result aligns with previous

findings from a large-scale study of E-CLASS scores [314], which found that women in first

year physics labs who were not physics majors had lower post E-CLASS scores than men,

controlling for pre E-CLASS score. Qualitative research on this topic suggests that gendered

interactions between students within the masculinized culture of physics may be responsible

for students having different learning experiences depending on their gender [61, 62, 74, 77,

81, 115, 141, 201, 236, 237].

Past investigations of the impact of inquiry-based lab instruction using the FCI have ei-

ther reported no significant difference between traditional and inquiry-based instruction [226,

243] or studied labs in which students were simultaneously enrolled in a physics lecture course,

making it difficult to determine the impact of the lab by itself [278, 294]. Our results suggest

that students enrolled in a RealTime Physics conceptual inquiry-based lab had post FCI

scores that were 2.60 points higher than students enrolled in traditional labs. This increase

is comparable to (and is in addition to) the 5-6 point increase that students typically achieve

in our introductory physics lecture course, considering that only the first half of the lab

course deals with mechanics.

We note that the E-CLASS scores of students enrolled in a traditional lab class decrease

during the course of the semester. For the E-CLASS, it may be possible to attribute this

retrenchment to students coming to see that lab-work is less authentic than they had origi-

nally imagined, or less authentic than other labs (e.g., biology or chemistry) they have taken

in college. For example, students may come to agree with the item, “The primary purpose

of doing a physics experiment is to confirm previously known results,” [321] from E-CLASS,

shifting to novice-like thinking because their experimental work primarily seems focused on

confirming theory they have previously learned in class [144].

There are several important limitations to this analysis. The E-CLASS provides only a

superficial measure of students’ epistemological views about experimental physics. It is not
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clear the extent to which students’ views are being deeply or enduringly shifted as a result of

the reflection questions and/or the use of a conceptual inquiry-based curriculum. These data

also represent only one selective institution, with a particular set of policies for running the

lab course, which may limit the extent to which these results may be extrapolated to other

institutions and introductory lab configurations. Two approaches to lab-work that were not

explored are the Labatorial [3, 159, 275], which synergizes lab and recitation in a way that

might produce similar results to lab-lecture integrations, and online lab-work [216].

Our results suggested that students enrolled in a lab that used a conceptual inquiry-

based curriculum may have demonstrated the same decrease in expert-like attitudes toward

experimental physics as students enrolled in a lab that uses a traditional physics curriculum.

However, when the conceptual inquiry-based curriculum was supplemented with reflection

questions that addressed the nature of science and ways of knowing in experimental physics,

students’ attitudes toward experimental physics remained stable. In addition, our results

suggested that students enrolled in a stand-alone lab that used a conceptual inquiry-based

curriculum may have demonstrated improved understanding of concepts in mechanics.

Instructors who seek to transform their introductory physics labs have a wealth of curric-

ular approaches available. Integrated lecture and lab approaches such as ISLE, SCALE-UP,

or Studio Physics have been shown to improve student understanding of physics concepts as

well as avoid a decrease in their attitudes toward experimental physics. “Open-ended” [311]

labs and labs that “develop lab skills” [312] are likewise effective at keeping students’ atti-

tudes toward experimental physics stable. Our results suggest that conceptual inquiry-based

lab curricula such as RealTime Physics may have the potential be similarly effective, if some

small modifications are made to ensure that students reflect on issues relevant to experimen-

tal physics.
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10.0 Expansive Framing for Curriculum and Lesson Design

What does it mean to learn something? One answer involves the concept of transfer, or

the ability to take knowledge learned in one context and apply it in a different context [257].

Based on the goal of improving transfer, expansive framing is an approach to curriculum

and learning activity design that brings into focus the need to situate learning and learning

contexts within the broader scope of learners’ settings, roles, disciplines, and experiences [94].

To understand expansive framing, it may be useful to start off with its antithesis, bounded

framing. Learning activities that employ bounded framing presume that the concepts stu-

dents learn are relevant only for limited contexts. These limited contexts might include

specific places, times, and participants. For example, physics learners might perceive that

Newton’s laws of motion apply to physics problems, but are not relevant in the physical

world, in their other classes, or in their future studies or career. Such a perception might

develop if student learning concentrates on solving problems set in artificial contexts, re-

gardless of the instructor’s intentions or their own perspective that the laws of physics are

general and broadly applicable. Bounded framing may also limit the intellectual role played

by students, situating them at the periphery of the learning process [87, 242].

By contrast, expansive framing promotes student understanding of concepts by connect-

ing between different contexts, developing links between settings and roles as a way to create

intercontextuality [95]. Intercontextuality is believed to empower learners to make connec-

tions and transfer knowledge between different learning contexts (including time, location,

and participants), roles, and topics. Intercontextuality supports transfer by helping learners

make connections from the learning context to the transfer context by way of the encom-

passing context. In this view, if student learning is supported with expansive framing then

students may begin to make connections between the content, the learning context, and the

encompassing context. Later on, when students are asked to transfer their understandings,

the intercontextuality makes it easier for them to connect ideas from the learning context

and encompassing context with the transfer context [94].

In an experiment with high school biology students, Engle, Nguyen, and Mendelson found
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that students who were tutored with an expansive framing demonstrated substantially better

transfer of their learning to a new context [95]. In this experiment, students were provided

with tutoring about the cardiovascular system on one day, and then asked to transfer their

understanding to the respiratory system on another day. Students received the same tutoring,

but different kinds of framing. Students in the control group experienced tutoring that was

framed in a typical way, while students in the experimental condition experienced tutoring

with expansive framing that focused on context, topic, and roles. When interacting with

students in the experimental condition, the tutors provided an expansive framing to the

context of the tutoring by describing the experiment as a multi-day study (rather than

two separate days), located at the university (rather than contained in the specific room),

and conducted with a team (rather than with just one tutor). The tutors also described

the topic of the study as “body systems” (rather than the cardiovascular and respiratory

systems separately) and they emphasized that the participants were authors responsible for

their own ideas (rather than recipients of ideas from others). These modest changes to the

framing of the learning scenario produced dramatically improved transfer from students [95].

Another study by Engle found that an expansive framing helped 5th grade students on

a science lesson [93]. In this case, the two important aspects of expansive framing were

temporal connections with other contexts and the roles of the learners as members of a

larger community of people interested in the topic.

Related studies in physics education have analyzed the roles of framing and scaffold-

ing [56] when students solve isomorphic problems [186, 187, 268, 269], categorize problem

types [47, 207, 208, 270], and self-diagnose their answers to quizzes [209, 317, 318]. The re-

sults of these studies serve to underline the difficulty of knowledge transfer for introductory

physics students while suggesting that both scaffolding and framing could play a valuable

role in improving transfer [185, 188, 198, 266].

Expansive framing can be a useful approach to interdisciplinary education. By bring-

ing a focus to transfer and intercontextuality, expansive approaches to lesson and curriculum

design encourage educators to think about how learners can make meaningful connections be-

tween the physics they learn in their classes and their personal interests and career goals [241].

Likewise, the nature of intercontextuality calls educators to ask increasingly fundamental
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questions about the learning goals of their courses, which may result in questions and issues

that are broader than the scope of any one course, or even any one discipline.

In this chapter, we will outline how expansive framing was used in the design of student

learning activities in an introductory physics lab course. First, we will consider how expan-

sive framing was used to guide the development of lab-work. By seeking to make learning

meaningful for students, many of whom were on health-science career tracks, we created

opportunities for students to demonstrate transfer. This included both bringing ideas and

skills from their other studies and interests into the physics lab as well as applying physics

concepts in the context of their other studies and interests. Second, we will examine how

we used expansive framing to improve student learning about the nature of science during

the lab course. As a fundamentally interdisciplinary topic, the nature of science is a good

example of intercontextuality. This allowed for ample opportunity for students to engage in

reflecting on elements of the nature of science in the context of the physics lab as well as in

other contexts.

10.1 Physics Labs

The introductory physics lab has long been a cornerstone in college education [64].

Traditional approaches to physics lab instruction rely on highly-structured experimental

work [31, 50]. In this approach, students carefully follow instructions in a lab manual to

conduct an experiment that has been designed for them. One aim of these highly-structured

labs is to give students practice collecting and analyzing data in order to verify theoretical

predictions. However, many students fail to see the larger goal, focusing instead on complet-

ing the assigned work step-by-step as quickly as possible, or as diligently as possible, in order

to obtain their desired grades and leave. These students have adopted a bounded framing.

They view their experimental work as something that is done in the lab, for a limited time,

and for a limited purpose. They see their role in the lab as a procedure-follower rather than

a knowledge-creator, and they are unlikely to make connections between the work they do

in the lab and the physics concepts they study in class, other lab-work, or other disciplines
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of study.

One alternative approach to highly-structured introductory labs is skills-based labs.

These labs omit the reinforcement of physics concepts as a goal, and instead focus on helping

students develop their scientific thinking skills through experimental work [21, 96, 140]. The

skills-based approach may allow for expansive framing, for example, if students are reminded

that scientific thinking skills are useful in other scientific disciplines.

Another alternative to highly-structured introductory labs is conceptual labs. In con-

ceptual labs, experimental work is deployed to help students learn and practice their un-

derstanding of physics concepts [278]. For example, students may develop hypotheses based

on physics principles and then test their hypotheses immediately using simple, hands-on

equipment. Concept-based labs may also be conducive to expansive framing, as they may

allow connections to be made between lecture and the lab, between different labs, and even

between the world of conceptual physics and the external world.

Our introductory lab is a one-semester, 2-credit course that is offered separately from the

two-course sequence of introductory physics lectures. Students work in pairs (occasionally

triplets, if there is an odd number), with up to 24 students per lab section. Each lab section

is instructed by a graduate student teaching assistant (TA). Since health science majors

are required to take the physics lab, but engineering students are not, the majority of the

students who take the lab are interested in pursuing careers in the health sector. A smaller

number are physical science majors. For both health science majors and physical science

majors, the introductory physics lab may be the only (or the last) time these learners will

encounter experimental physics. A few physics majors also take the lab, but they will take

further lab courses in physics. For these students, the value of the lab is in how physics

concepts and ways of thinking relate to the students’ own studies, interests, and lives. Thus,

we seek to include interdisciplinary learning in the lab learning activities and curriculum

through the use of expansive framing.
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10.2 Biomedical Applications

Since many of the students in our introductory labs are pursuing health science careers,

the traditional, highly structured, labs were designed to include biomedical applications

where possible. Typically, students would conduct experiments using traditional physics

apparatus and then, for the last section, apply the same physics concepts to a biological

context. For example, after a lab on physical optics and lenses, students used a model of

the human eye with a water-filled “lens” that could be expanded or contracted to see how

accommodation works in human vision. Another example is using a blood pressure cuff to

measure blood pressure when a human arm is held at different heights, as part of a lab

about Bernoulli’s Principle. Students also took measurements using an EKG as part of a

lab about DC circuits, briefly examined the relationship between the length of their legs

and their natural gait at the end of a lab about simple harmonic motion and pendula, and

learned about the theory of colors by examining spectra using a diffraction spectrometer.

These activities are described in [50]. Activities such as these have been shown to foster

student interest [107].

These elements of the lab work contain implicit expansive framing. The message they

convey is that physics is applicable, and undergirds, phenomena from biomedical contexts,

too. Students are encouraged to connect expertise from other disciplines with their studies in

physics. This helps students appreciate the intercontextuality of the physics concepts from

these labs, including the idea that lenses, pressure, electric currents, and simple harmonic

motion are concepts that manifest in a variety of contexts.

In semi-structured interviews conducted at the end of the semester, we asked students

to discuss the labs they remembered best or appreciated the most. These biomedical ap-

plications came up frequently in their responses. Ray, a neuroscience major planning to

apply to medical school, described the model of the human eye as his favorite lab, saying,

“we used the set-up of the eye to see where the light would focus for hyper and myopia.

That was pretty cool.” Zara, an anthropology major planning to apply to medical school,

explained that she liked the eye model best because of the connection to a context of interest

to her, explaining that “learning about the eye kind of overlaps with the anatomy that I’m
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interested in.” Ray and Zara vividly remembered this lab experience because it connected

to their interests, allowing them to develop an intercontextuality that included the concept

of a lens in both physical and medical contexts.

Liza, another pre-med student, preferred the blood pressure lab activity. “I really liked

when there was an application to healthcare-related things. So, like, the lab when we did

the blood pressure, that was really cool.” Mira, a biology major from a family of doctors,

also liked the blood pressure lab, explaining that she had “never thought of how raising or

lowering your arm could affect the blood pressure.” Meanwhile, economics major and pre-

medical student Kamala described liking the EKG lab activity, saying “I was really excited.

PQRS waves. I know what valve was closing to, I knew the physiology behind it, so seeing

an EKG was really exciting.” Liza, Mira, and Kamala valued the biological applications

because these applications allowed them to view their role as a learner expansively. They

were able to connect contexts and leverage their interest and expertise in medical topics in

order to gain deeper understanding of the activity they were doing in the physics lab.

However, just because a lab activity had an interdisciplinary connection to biology or

medicine did not mean that the activity empowered students to frame their learning expan-

sively. Expansive framing requires more than just an activity that is related to biomedical

applications. For example, none of the students we interviewed remembered the activity

in which they measured the length of their leg and period of their gait. In that activity,

which aimed to help students see their legs as physical pendula while they walked, students

were not provided any clues or connections as to how the activity was supposed to connect

to their interests in medicine, the kinesiology of the human body, or their experiences in

other science classes. Instead, it was perceived simply as a strange activity with no apparent

relevance to their lives or interests.

On a similar note, Kamala, who liked the EKG activity, reported being frustrated by

an activity involving color theory that came at the end of a lab in which students used

a diffraction spectrometer. She saw no connection between the manipulation of light that

she was doing on her lab bench and color formation by mixing light. Nor did the activity

help her view the spectrometer lab expansively. Thus, it is important that lab activities

seeking to provide students with opportunities to engage with physics concepts expansively
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be presented in a way that allows the students to make connections to pre-existing knowledge

from another context, such as another class or an outside interest or expertise, or with another

role, such as the students’ self-concept as a pre-med student. Simply including ostensibly-

relevant activities in the lab curriculum is not enough. Instead, as we saw in the case of the

eye model, EKG, and blood pressure activities, the benefits of expansive framing can only

be realized when learning activities include clear connections to the encompassing context,

such as students’ interests.

Finally, it is worth noting that expansive framing in introductory lab courses is not

limited to connections with students’ career plans. Janet, another pre-med student, described

not a biomedical lab activity, but a simple practical lab activity when we asked her to describe

her favorite lab experience. “I really enjoyed the first lab, the roller coaster. You have a

thing, you drop a metal ball. Those are really fun because you see the effect of gravity on

different weights of the ball. I think something that could be better is, instead of just testing

two balls, what if we tested different materials? Like, how does the material affect the weight

and all that stuff, and what could you predict as the distances, and stuff like that. That’s

something that’s interesting.” Her explanation of why she liked the standard ball-on-a-ramp

lab demonstrates a kind of expansive framing that focuses on her curiosity and, ultimately,

her role as an inquirer in the lab context. Expansive framing that situates students in the

role of an investigator is eminently suited to the physics lab, including both the skills-based

and conceptual labs described in the preceding section.

10.3 Nature of Science

We recently ascertained a need to do a better job of addressing the epistemology of ex-

perimental physics, sometimes called the nature of science [182], in our introductory labs.

In part, this is a response to the AAPT Recommendations for the Undergraduate Physics

Laboratory Curriculum [1]. We were also inspired by recent literature calling for introduc-

tory physics labs to help students learn critical and scientific thinking skills [21, 308]. The

new nature of science dimension in our lab curriculum calls for students to learn about
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the significance and functioning of hypotheses, experimental design, correlational thinking,

uncertainty, error, and the social dimension of scientific knowledge generation.

The nature of science is necessarily and unavoidably an interdisciplinary topic. Since it

would be difficult to coordinate instruction about nature of science across disparate college

departments, we are left to our own devices to figure out how to discuss this interdisciplinary

topic in the physics lab. An expansive framing could provide the answer. An expansive

framing elevates and recognizes students’ expertise from other disciplines alongside their

extracurricular interests. To help students learn the nature of science in the physics lab, then,

we need to help students make explicit connections with their other courses and interests

when we address nature of science questions. These connections, taken together, help to

form an intercontextuality that both brings life to interdisciplinary essence of the nature of

science while also helping students learn the topic by leveraging their expertise and interests

from beyond the physics lab.

In our first attempt to introduce these concepts to the lab, we asked the graduate student

teaching assistants (TAs) who taught the lab to take the lead. They were to reflect on their

own understanding of the nature of science and then initiate conversations with students in

the lab during 1-on-1 conversations each week as the topics arose organically through the lab

work the students were performing. While the TAs initially showed interest, our observations

and follow-up conversations indicated that the TAs did not initiate conversations about the

nature of science in the lab, despite having opportunities to do so. They found it awkward

to start such conversations when the students were focused on completing their lab work.

We may understand why this attempt was unsuccessful by considering the lack of an

expansive framing lens in the design of this attempt. Because of its interdisciplinary essence,

the nature of science inhabits a broader context than the lab work that students perform.

We asked the TAs to invite students to engage in discussions in a context (i.e., experimental

science, broadly) that was significantly different from the narrow context of their lab work,

but without providing any framing to encourage or support such discussions. In retrospect,

we could see that the lab work the students performed was being understood with a bounded

framing. The students thought of the experimental investigations as requiring skills and

understandings that were only relevant within the narrow context of the physics lab, and
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adopted the limited role of experiment performer, following the instructions without pausing

to think about larger issues.

Our second attempt was more successful. We re-wrote the lab curriculum to include

explicit questions about the nature of science that students would answer during their lab

work. One example question asked students to reflect on the role of predictions: “So far, in

this lab report, you have made several different predictions. These predictions have been in

the form of written text, graphs, and diagrams. Why are predictions so useful and important

in experimental sciences like physics? Please write a paragraph response.” We included one

or two such questions each week, covering the breadth of the nature of science topics that

were important for us, and including space for students to draw on their expertise from other

disciplines and interests. In reviewing student lab reports, it is clear that students engaged

deeply with these questions. Typical responses were reflective, thorough, and demonstrated

a deep understanding of the topic.

Embedding nature of science questions in the lab work, along with explicit reinforcement

from the TAs that these questions were valuable, served to expand the framing for the lab

work to include the nature of science as an included topic for the physics lab. As the semester

progressed, students began to demonstrate transfer from other contexts to the physics lab

by using examples from other science labs, courses, and disciplines in their answers to the

nature of science questions. For one nature of science question that asked students to reflect

on the role of the terms “theory” and “law”, and on the significance of named laws (like

“Snell’s Law”) in science, the majority of student responses included comparisons to the

use of the terms “theory” and “law” in other scientific disciplines and the structural issue

of the scientific establishment failing to adequately recognize the work of scientists from

historically-marginalized groups, like Rosalind Franklin.

In parallel with the embedded nature of science questions, we also introduced a system

of checkpoints in the lab work. When students reached a checkpoint, they called the TA

over. The TA asked the students one or two open-ended questions, in order to prompt some

broader thinking about scientific skills and concepts (including the nature of science). From

an expansive framing point of view, these checkpoints served to reinforce both expansive

contexts by asking questions that called students to consider the role of physics beyond the
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scope of the lab investigation they were conducting at that moment, in the physics lab. The

checkpoints also served to provide an expansive framing to the role of the students in the

lab. Instead of merely following the directions in the lab manual, the students were expected

to take on the role of a thoughtful, reflective, knowledge generator.

10.4 Conclusion

As a tool for developing learning activities and introducing curricular transformations

when interdisciplinary learning is a key priority, expansive framing may help student learners

develop understandings that they are able to transfer to new contexts. Biomedical-related

activities in our labs helped students frame physics concepts like blood pressure, lenses, and

electric circuits in an expansive way. The framing empowered these students to transfer their

knowledge both into and out of the physics lab. Likewise, when we used expansive framing

to guide the introduction of explicit reflection about the nature of science into the lab course,

students developed intercontextuality and were able to make thoughtful connections to other

scientific disciplines. Thus, through expansive framing, students in our labs were able to

engage with effective and meaningful opportunities to engage in interdisciplinary learning.
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11.0 Professional Development for Physics Lab TAs

At large research universities where introductory physics labs are often taught by grad-

uate student teaching assistants (TAs), these TAs may not receive adequate professional

development for their work [63, 110, 117, 162, 184, 199, 200, 203, 270, 315]. We are seeking

to understand and develop a model for how TAs can most effectively help support student

learning in physics labs, and what type of professional development can most effectively help

TAs facilitate lab activities so that all students can learn. Our goal is to establish a lab TA

professional development program that teaches TAs how students learn in an experimental

physics setting, empowers lab TAs to improve their instructional practice, and ultimately

produces long-overdue learning and attitudinal outcomes [143, 169, 237, 306, 313, 323] for

all students in an inclusive and equitable learning environment.

Past work has identified several important elements of effective TA professional devel-

opment [252], including adapting good ideas to one’s local context [154], establishing a

purposeful community of practice [139], and focusing on the development of the TA’s beliefs

and identity as an educator [114, 121]. Another key issue is ‘buy-in’: TAs who do not be-

lieve in the value of the learning activity will tend to implement it with low fidelity [316],

which generally negatively impacts student learning [170]. Achieving buy-in is a complex

effort that depends on the context of the professional development and a variety of social

cues that, when effective, work together to help TAs come to value the planned learning

activities [112].

We adopt the cognitive apprenticeship model [56] as a theoretical framework for under-

standing both the evolution of TA learning in our professional development program and the

nature of student learning in the labs. In this view, we recognize that learning requires three

stages: modeling, scaffolding and coaching, and weaning. First, TAs in our training program

need to witness explicit modeling of the desired outcomes. Second, learning requires careful

scaffolding that supports evidence-based active engagement, and so TAs should be coached

and provided guidance and support in learning how to provide this type of assistance. And

third, this scaffolding and support should be gradually removed, giving TAs opportunities
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to practice independently. Thus, we understand TA professional development to be effective

if our TAs learn about and employ effective strategies for supporting student learning, and

if our students demonstrate elevated educational outcomes as a result of their TA’s support.

11.1 TA Professional Development

At our large research university, approximately 33 introductory physics lab sessions are

run every year. In each ‘cookbook’-style lab, up to 24 students work at lab benches, typically

in pairs. Labs meet for 3 hours, once per week, for one semester. Although assignments vary,

typically 5 to 12 TAs are assigned to teach the introductory labs in any given semester. For

many, it is their first time teaching a lab course.

Some professional development is already provided for graduate student TAs in the

physics department at our university. However, all of this professional development assumes

that the TAs will be small-class lecturers or recitation leaders, rather than lab instructors.

This professional development includes a day-long workshop that focuses on TAs’ formal re-

sponsibilities as employees, a 3-hour workshop designed to give them strategies to effectively

lead recitations, and a one-credit course that teaches about effective pedagogy and affords

practice with recitation-style work.

Thus, while graduate student TAs receive a variety of instructional professional devel-

opment at our university, there was nothing designed specifically for lab TAs. This was a

concern because some of the skills, attitudes, and approaches that are required for TAs to be

effective in lab settings are not the same as those needed in recitations. Additionally, after

their first semester in graduate school, most TAs are unlikely to receive any formal profes-

sional development. To rectify these deficiencies, we designed a new professional development

program for lab TAs that started in the fall 2018 semester and was replicated in the spring

2019 and summer 2019 semesters. These sessions involved students using ‘cookbook’-style

labs that are, in general, not very effective in promoting student learning [278]. Nonetheless,

while we transition to an inquiry-based curriculum, we wanted to investigate the impact of

professional development on lab effectiveness given this constrained setting.
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In our program [71], lab TAs meet weekly on Friday afternoons, including the Friday

before the first week of classes, to prepare for the forthcoming week’s lab, and to learn and

practice lab-relevant pedagogy. The meetings wrap up mid-semester in order to reinforce

the idea that the professional development program is a scaffold from which the TAs can be

weaned, in line with our cognitive apprenticeship model, and that we expect TAs to continue

developing as educators beyond our professional development program. The program was

developed via extensive discussions and iterations between the author and his collaborators,

all experienced physics educators.

We identified early on that motivation would be key to making this professional devel-

opment program effective. Following the interest framework of Hidi and Renninger [132], we

developed learning activities for TAs that would trigger situational interest in their work as

TAs, reinforce that interest through meaningful social reflections, and consequently establish

sustained individual interest in becoming effective instructors in their labs and beyond.

Situational interest reinforcement happens at the start of our weekly meetings, when all

the TAs share a student interaction from the past week they found surprising, concerning, or

encouraging. These reflections provoke cross-discussion in which TAs celebrate their progress

as educators, reaffirm shared commitments to helping students learn meaningfully, or brain-

storm approaches to uncommon problems. These discussions are moderated by the training

leader, using standard methods for establishing and maintaining positive interactivity [53].

At all times, we focus on giving TAs opportunities to speak out in order to develop their

confidence as educators.

Most of the lab TA meeting is dedicated to one or two relevant learning activities, which

are designed to promote TAs’ individual interest as educators. The learning activities are

intended to help TAs directly improve their skills at working with students, better understand

the nature of student learning [233], and develop both proficiency with the apparatus and

increased levels of motivation to support students.

One learning activity we employed is role-playing student-TA interactions around key

points in the lab. For this, the trainer sets up ‘sabotaged’ experiments in which the apparatus

is miscalibrated, the analysis is incorrectly done, or a similar common issue. The scaffolding

in this experiment allows TAs to practice interactions that support evidence-based active
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learning. After role-playing through an interaction, the TAs and trainer debrief and move

to another experiment. Two other approaches we used occasionally are demonstrations,

which serve as models for TAs to replicate, and conducting carefully-moderated whole-group

discussions. Some sample learning activities are listed in Table 17.

Table 17: Sample of learning activities in the lab TA professional development program.

Activity Type Weeks

Icebreaker demonstration first

Reflections group discussion all

’Sabotaged’ experiments role-playing most

Equitable learning environments group discussion third

Teaching about the nature of science group discussion fifth

11.2 Methodology and Results

We assess the impact of our lab TA professional development program by analyzing

three different examples of ways in which the training program might have impacted TAs or

students. For clarity, the methods and results of each of these three examples are presented

together. We begin by asking whether the program changes how TAs think about their work

in supporting student learning. Next, we investigate the behavior of TAs as they work in

their lab sections to understand if the professional development has changed the nature of

their interactions with students. Last, we ask whether the program has a ‘second-order’

effect by improving students’ learning outcomes.

11.2.1 TAs’ Attitudes Toward Student Learning

To assess the direct effect of the professional development program, lab TAs were asked

to write short responses to variations on the question, “How will you help students have
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effective learning experiences?” at the start and end of the program. In total, 13 responses

were collected at the start, and 11 at the end, of the fall and spring programs.

The responses show a marked transformation in how the TAs viewed their role in helping

students to learn. At the beginning of the professional development program, most of the

TAs described their role in terms of a traditional transmission model of education [69], as

these representative excerpts illustrate:

I will explain to them which equipment corresponds to which concept. Then they

can build connections of the physics concepts to the lab.

[I will] add in some physical explanation into the demo at the start of lab... a feeling

on physics will build up subconsciously after they leave the lab.

The use of the verb ‘explain’ is abundant in these early responses, as the TAs view

themselves as either telling students about physics concepts or clarifying the procedure for

the lab-work. Other responses emphasize the importance of good lecture structure, clear

expectations for lab report formatting, and creating a “relaxing” environment for the stu-

dents. Given that most of the TAs have experienced a traditional, transmission-based style

of education – and are continuing to experience that model as graduate students – it is not

surprising that they rely on the transmission model of learning to frame their work. Likewise,

it makes sense that the TAs view their role as helping to make the lab easier for students, as

that is likely how they viewed their own TAs during their recent undergraduate experiences.

By the end of the the professional development program, however, the emphasis shifts

and most of the TAs’ responses celebrate students figuring things out on their own and with

their lab partners, as seen in these typical quotations:

I would encourage a student... to collaborate with peers, ask themselves more rigorous

questions, etc.

I asked her to think of the problem in a physical sense, instead of plugging in given

equations. She actually came up with the right answer... by herself.
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These final reflections indicate that after the professional development the TAs have

generally discarded the transmission model in favor of a student-centered view of learning,

which was one of our goals. ‘Explain’ is no longer used, and the responses tend to center the

student’s experience instead of the TA’s work. Other responses emphasize the importance

of encouraging positive collaboration between students and explain techniques the TAs use

for supporting student meaning-making without directly supplying information.

It is not possible to conclusively determine what caused the shift in TAs’ views about

learning. Was it the professional development program? Their experiences as a TA in the

lab? Something else? However, by comparing experienced TAs who have taught the lab

before (in semesters before the professional development program) with newer TAs who

have never taught labs before, it seems likely that the common factor – the lab TA profes-

sional development – played at least some role in their movement from a transmission to a

constructivist view of learning.

11.2.2 TA-Student Interactions

Since one goal of the lab TA professional development is to get TAs to help students

frame and answer their own questions, rather than just offering advice and explanations, we

hypothesized that there would be a change in the nature of student-TA interactions after

introducing the program. To measure the extent of these changes, we used the Real-time

Instructor Observing Tool (RIOT) [303] to categorize these interactions for the same group

of TAs.

The RIOT allows an observer to continuously categorize the types of activities undertaken

by an instructor, in this case the lab TA. When the instructor switches from one type

of activity to another, the observer records the nature of the new activity along with a

timestamp. Other than infrequent occasions when the TA would be briefly checking personal

notes or be out of the room, the seven categories shown in Fig. 9 capture the full breadth of

TA activities during the lab sessions that we observed. The data presented in Fig. 9 depicts

interactions for 13 TAs over 99 hours of instruction. We chose to observe during weeks 3

and 6 of our 13-week semester because the lab interactions should have reached a ‘steady
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Figure 9: RIOT data from a semester before the introduction of a lab TA professional

development program compared with data from the fall 2018 semester, when the program

was implemented.
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state’ and because the lab-work for those weeks was typical, not excessively intricate, and

didn’t require that the lights be turned off. We also observed during week 11 for the TAs

that received the professional development to explore if the effect of the training diminished

after the meetings wrapped up in week 6. Complete definitions and examples of the seven

types of interactions we observed are available in Ref. [303].

We adopted slightly different labels for some categories for clarity, but use the same

definitions and meanings for these interaction types. For example, we use ‘Actively Listening’

(to question) to emphasize that the TA is engaging with non-verbal listening cues, unlike in

the case of ‘Watching’. Likewise, ‘Explaining Content’ and ‘Clarifying Instructions’ are forms

of ”talking at students” [303]. We exclude several interaction types that are not relevant to

our labs and the relatively rare cases when the TA is not interacting with students.

Two specific examples of these categories will be relevant to our analysis. ‘Open Dialogue’

is an interaction in which a student is contributing more than half the words (or ideas) to a

conversation and is actively developing an understanding of physics or lab ideas, while the

TA plays a supporting role by asking prompting questions or helping students to frame their

ideas, as opposed to ‘Closed Dialogue’ which is TA-dominated. ‘Actively Listening’ means

that the TA is near a group of students and showing an active interest in their discussion

through non-verbal cues such as establishing eye contact, body positioning, or gestures, but

isn’t participating in the conversation as a contributor.

Two differences stand out in Fig. 9. First, the amount of time that TAs devote to ‘Open

Dialogue’ is larger for the TAs who have completed the professional development program,

and it seems to increase while the TAs are engaged in the program. This behavior aligns with

our goals and with the responses we discussed in section IIIA: the TAs are more likely to let

students lead their conversations, prompting rather than telling, and helping the students

to formulate and answer their own questions.

Second, the TAs who have taken the professional development program devote approxi-

mately twice as much time to ‘Active Listening’ as those who haven’t taken the program. In

practice, this manifests as the TAs being more willing to engage with students and offer non-

verbal support and attention as the students complete their lab-work. In our observations,

this increased level of ‘Active Listening’ appears to be aligned with TAs being increasingly
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comfortable interacting with students when they can position themselves as guides rather

than feeling compelled to adopt the role of an all-knowing expert. In other words, the TAs

were comfortable simply being there and talking with the students, and didn’t feel the need

to adopt a ‘hide or provide’ behavior, in which they only approached student groups if they

felt they had some information to share.

Teaching is certainly a complex endeavor, and no one interaction type is necessarily

better than any other in all circumstances. Good educators typically use a combination of

many types of interaction [232]. Overall, though, we find some evidence that the balance of

interaction types after the professional development program is better-aligned to the goal of

supporting student-led active learning for TAs who have taken the program.

11.2.3 Student Outcomes

While both TA attitudes and interactions show improvements, the fundamental goal in

our new TA professional development program is to improve student learning in the labs.

Thus, in order to ascertain the impact of our lab TA program on student learning, we need to

compare students whose TAs did deliver the learning support we designed in our professional

develop program with those students whose TAs did not deliver this support. Here we discuss

it in relation to the lab TA professional development module related to the nature of science

(NoS).

The nature of science is a set of beliefs about the epistemology of science, i.e.: principles

that we might identify as fundamental characteristics of Western scientific work. These

include such ideas as ‘theories require evidence’, ‘science makes predictions’, and ‘scientists

seek to avoid bias’ [7].

We observed that for the fall 2018 implementation, our professional development module

for the nature of science had an abnormally low level of engagement from our TAs. During

the program, most of the TAs merely went through the motions, and during lab observations

later in the semester we saw no evidence that they used the proposed strategies in their labs.

However, two TAs clearly and unambiguously bucked the trend: they engaged in a lengthy

discussion about the value of explicit instruction on the nature of science that went beyond
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the training session, and we observed them using our strategies in their lab sessions on

multiple occasions. Thus, by comparing the 74 students who received this NoS treatment

from their TA to the 207 who did not, we estimate the impact of having a TA engaged with

NoS instruction.

As a dependent variable, we rely on a categorization of E-CLASS items [308] that iden-

tified a cluster of 6 items as relevant to NoS in our context [72]. E-CLASS scores indicate

the degree to which a student agrees with expert-like attitudes toward 30 items related to

experimental science. As shown in Fig. 10, when we consider the ‘Other TAs’ that did not

engage with the value of teaching NoS, the average change in score for the 6 NoS-related

items is more negative than for each of the 24 other E-CLASS items, indicating that our

students typically regress more on the nature of science items than on the other items in

E-CLASS. And while the decrease in our setting is somewhat more negative than in the

national sample from [308], a similar pattern appears, suggesting that these 6 NoS-related

items are particularly vulnerable.

For the TAs who have adopted NoS instruction, we observe a decrease on the 24 non-NoS

items that is comparable to the decrease seen by the other TAs, but a sizable increase on the

6 NoS-related items. Using a mixed-effect ANCOVA model controlling for overall pre-test

E-CLASS score, and with satisfactory normality and homogeneity of variance, we find a

statistically significant difference between our two TA groups and the two item categories

(F (1, 279) = 11.5, p < 0.001).

We note that the lab-work in this study employed a ‘cookbook’-style approach that will

be replaced with an evidence-based active learning approach [278] starting in fall 2019. We

expect that overall E-CLASS score improvements will require both that TAs are effectively

trained (and adopt the strategies learned in this professional development) and that inquiry-

based learning activities are in place.

We can draw two conclusions from this result. First, students attitudes about experi-

mental physics, as measured by at least some of the E-CLASS items, can be influenced by

the interactions and learning that are offered by graduate student TAs in the introductory

lab. Second, TA buy-in for particular instructional strategies is essential in order for this to

happen.
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Figure 10: Change in E-CLASS item scores between pre- and post-instruction assessments,

averaged over the 24 and 6 E-CLASS items identified as either not, or belonging to, a cluster

related to the nature of science.
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11.3 Discussion and Implications

At three levels of analysis, we find evidence that an effective lab TA professional devel-

opment program has the potential to positively impact the work undertaken by TAs and

the learning of their students. After the professional development program, lab TAs demon-

strated a shift in how they viewed their role as instructors and how they thought about the

nature of student learning. It appears that the lab TAs who completed the program were

also more likely to ‘walk the walk,’ interacting with students in ways that are commensurate

with what we sought to teach them about supporting active engagement learning. And when

lab TAs took up the new approach to teaching a topic, such as explicitly engaging in dis-

cussions about the nature of science, student attitudes corresponding to that topic became

more expert-like.

The nature of the work done by lab TAs, the activities involved in our program, and

the improvements noted above act together to shine light on the importance of specialized

professional development for TAs who are working in lab settings. While there is overlap with

how we might train TAs to support evidence-based active engagement learning, the need to

develop mastery at troubleshooting apparatus and to address issues such as the nature of

science means that lab TAs should be receiving dedicated professional development in order

to be effective in their work.

As seen in the case of our nature of science module, some improvement is still needed

for our professional development program. TA ‘buy-in’ remains a vital issue, especially

for the NoS module, and as we go forward we will continue working to improve the social

and structural factors that can drive TA buy-in [112]. However, even with an imperfect

professional development program and ‘cookbook’-style labs, and through the inevitable

noise of implementation, these results suggests that lab TA professional development has

the potential to have a positive impact on TA performance and effectiveness.
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12.0 Professional Development Combining Cognitive Apprenticeship and

Expectancy-Value Theories

At large research universities in the USA, introductory physics labs are often taught

by graduate student teaching assistants (TAs). However, prior work has shown that many

graduate students may not be ready to effectively lead instruction. In a variety of set-

tings, graduate students adopted less-effective pedagogical strategies for working with stu-

dents [110, 203, 204, 202], demonstrated inadequate understanding of the nature of different

problem types [117, 184, 270], and demonstrated low levels of pedagogical content knowledge

when asked to identify common student difficulties [162, 199, 200].

One popular approach is to have graduate students enroll in a course that teaches them

about physics pedagogy [9, 178, 196, 218, 219, 252, 282]. Prior studies have identified several

key elements to effective professional development for graduate student TAs in physics [154].

Focusing on the TA’s beliefs and identity as an educator is essential [113, 114, 121], as is

establishing a purposeful community of practice when working with a group of TAs [139].

Two other important considerations are the importance of respecting and supporting TAs’

emerging competencies as educators [9, 219] and the need to clearly align expectations for

the work that TAs do with the types of tasks their students perform [295]. Maries [196]

identifies three key components to TA preparation: attending to psychological factors such

as anxiety about their role as a TA, providing ongoing support, and attending to their beliefs

about teaching to achieve buy-in.

The issue of buy-in from the TAs is a critical one if TAs are expected to implement

instructional practices with a high degree of fidelity [63, 86, 170, 315]. While graduate student

TAs may express support for the purpose and goals of a particular curricular strategy, the

way they employ that strategy may deviate from what was intended as they navigate the

tension between the pedagogy they learn in the professional development program and the

desires of their students to minimize the amount of work or “thinking” they are required to

do while still achieving good grades [48, 316]. For example, TAs may seek to avoid alienating

or frustrating their students, or may seek to make their students’ work easier, by providing
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shortcuts or telling students answers [48]. In particular, while navigating these types of

tensions, TAs who choose to use less-effective learning strategies that are not supported by

research in physics education may cause their students to learn physics concepts and develop

experimental skills less well than they otherwise might [170].

Moreover, while a well-designed and thoughtfully implemented TA professional devel-

opment course may be helpful, TAs who will lead introductory lab courses may require

additional, specialized preparation [9, 192], such as instruction on pedagogy relevant to the

lab, at weekly lab TA meetings [282]. The goal of this chapter is to report on a particular

instantiation of a lab TA professional development program developed using an iterative

approach over several semesters based upon a framework that combines cognitive and mo-

tivational theories and describe how it was implemented and evaluated. The evaluation

involved the use of informal and structured observations, interviews, and writing prompts

for reflection. We discuss the utility of focusing on TA engagement and buy-in and demon-

strate that a carefully designed lab TA professional development can have a positive impact

on TA attitudes and practice.

12.1 Theoretical Framework and Research Questions

The theoretical framework for our lab TA professional development is illustrated in

Fig. 11, and outlined below. This same framework was also useful in helping TAs reflect

upon their students’ learning in the lab, which also requires attending to both cognitive and

motivational aspects.

The framework guiding our particular instantiation of the model of lab TA professional

development integrates cognitive and motivational factors. We took inspiration from the cog-

nitive apprenticeship theory [56] to structure the guidance, scaffolding, and support needed

by TAs in order to flourish as educators. Employing the cognitive apprenticeship theory,

our model of lab TA professional development focused on first giving TAs opportunities to

observe effective pedagogical approaches via demonstration of the criteria for effective perfor-

mance. Next, we provided coaching and scaffolding as the TAs practiced instructional skills
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Cognitive Aspects Motivational Aspects

Cognitive Apprenticeship Theory Expectancy-Value Theory

Model: Lab TA 
professional development

Instantiation

Implementation
lab TA meetings
in lab teaching

Evaluation

4-Phase Interest Development Theory

1. Modeling and demonstrating
criteria for effective performance

2. Structured practice and coaching

3. Individual practice and weaning

Self-Efficacy 
(expectancy)

1. Triggered Situational Interest
2. Maintained Situational Interest
3. Emerging Individual Interest
4. Sustained Individual Interest

Value:
Attainment, Intrinsic, Utility

Theoretical Framework

Figure 11: Framework for an investigation that uses Cognitive Apprenticeship and

Expectancy-Value theories inform the instantiation of our lab TA professional development

program.

and developed as effective TAs themselves. Finally, the TAs were weaned off the support to

help them develop self-reliance. For example, during the lab TA meeting, TAs would observe

a demonstration of a TA-student interaction and then be given time to reflect upon, and

practice by role-playing, that type of interaction with fellow TAs. Individual practice would

occur during the TAs’ actual lab sections with students. The fact that the TAs were under-

going the professional development while also teaching the lab simultaneously was central

to the success of our approach.

To account for motivational factors, we grounded our work in expectancy-value the-

ory [92, 230]. Expectancy-value theory (EVT) posits that expectancy and value both will

influence decision-making and determine, e.g., the extent to which the TAs will employ the

pedagogical approaches learned in the professional development program in their actual prac-

tice as TAs. Expectancy is closely-related to Bandura’s construct of self-efficacy [20], and

can contribute to a graduate student’s agency as a TA in implementing effective pedagogical

approaches learned in the professional development program. In EVT, value includes the
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decision-maker’s interest, attainment value and extrinsic value in pursing a given course of

action, e.g., TAs engaging meaningfully in the professional development program and us-

ing pedagogical approaches learned in their actual practice as lab TAs. In particular, EVT

describes ways to understand the value individuals discern in the work they do, including

attainment value, whereby a TA feels that success is personally meaningful; intrinsic value,

whereby the TA experiences some level of individual interest in their work; and utility value,

whereby the TA is motivated by the relation of their work to current and future goals [92].

The EVT played an important role in our conceptualization of the lab TA professional de-

velopment program because we were concerned with the question of whether, and how, lab

TAs will choose to engage in our lab TA professional development program, to what extent

they change their views about instructional practices, and how they go about interacting

with their students in their lab course as a result of the program. In other words, EVT

guided us to contemplate the importance of these motivational factors in our professional

development program to increase TA engagement and incorporate strategies to increase TA

self-efficacy and interest in their use of effective pedagogical approaches learned in their lab

sections.

Moreover, we recognized that the TAs in the professional development program will

initially be at different levels in terms of their interest in teaching their lab and we must

structure the activities and interactions between the TAs in the professional development

program as well as the interactions between students and TAs in the lab in such a way

that they are productive and propel the TAs to the next level of interest and engagement.

We took inspiration from the four-phase framework of interest development [132], which

accounts for TAs with different levels of interest, and proposes pathways for TAs to progress

to higher levels of interest. In this framework, interactions between the TAs during the

professional development activities and between TAs and students during the lab sections

may serve, e.g., to provoke situational interest in a TA who would otherwise not place a high

value on their TA work. That triggered situational interest might be elevated to the second

phase, maintained situational interest, e.g., if the TA is provided with continued support

during professional development and feels confident supporting student interactions in their

lab sections effectively. The third phase, emerging individual interest, may require that the
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TAs begin to find personal meaning in their work as TAs. Individual interest development

could be supported, e.g., by having the TAs reflect in groups and individually about how

they play an important role in shaping their students’ learning, gradually giving them more

autonomy in coming up with effective strategies for engaging their students meaningfully

in the lab and connecting their TA work with their other interests. For example, for a TA

interested in equity work, pointing out their role not only in student learning but also in

mitigating inequities in the lab has the potential to make them commit to their practice

as a TA with greater interest. Finally, for TAs who have extended, personally meaningful

practice, the fourth phase of well-developed individual interest may be attained. Illustrative

examples of how this progression has been enacted by TAs in our professional development

program is provided in Table 18. At a finer level, we note that TAs may not be described

by a single phase of interest development theory for all the aspects of their instructional

work. For example, at a given time, a TA may have an emerging individual interest in

helping students make connection between their experiments and physics concepts but only

situational interest in helping students make accurate measurements.

We note that as a pre-requisite for TAs engaging productively in the professional de-

velopment that is offered during the weekly lab TA meetings, it is essential to get buy-in

from the TAs. In particular, it is necessary that TAs believe that the professional devel-

opment activities will help them to become better educators, that their own improvement

as educators will help their students learn more effectively, and that both of these things

are desirable and achievable. The expectancy-value theory was useful in contemplating this

question of how to increase TA buy-in. We probed signatures of growth in TAs’ self-efficacy

and value as reflections of their buy-in via qualitative analysis, including through informal

observations of their lab sections throughout the semester and individual interviews with a

subset of TAs.

We evaluated our implementation of lab TA professional development in two ways. First,

we investigated whether our lab TA professional development had a positive affect on TAs’

views about the learning process. A TA’s attitudes toward teaching and learning, and specif-

ically whether they describe their work in terms of a transmissionist or a constructivist lens,

can be a powerful predictor of learning [176]. Second, we sought to understand how our lab
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Table 18: Example of how a TA’s interest might evolve according to four-phase interest

development theory.

Phase Example scenario

Triggered Situational Inter-

est

The TA sees that a student’s experimental results do

not follow the expected trend and wonders how to talk

with the student about this.

Maintained Situational In-

terest

The TA continues to ponder what the students might

have done to get such unexpected results. She mentions

it at a TA meeting, and engages in a discussion with

other TAs who noticed the same thing in their class.

Emerging Individual Inter-

est

The TA begins to think proactively, predicting where

students might make missteps while she prepares for

future labs, and continues to think about how she can

intervene to help students to check their own results.

Well-Developed Individual

Interest

The TA takes pride in her work, enjoys interacting with

students, and may begin to see herself as an educator.

She seeks out challenges, such as empathetically spend-

ing additional time with a student who hasn’t been ask-

ing for help but may need extra support.
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TA professional development impacted the nature of TA-student interactions while the TAs

guided student learning in the lab. Effective evidence-based active engagement learning,

for example, that we helped TAs reflect upon and practice with other TAs in small groups

calls for TAs to dedicate time to supporting student meaning-making in open-ended discus-

sion [118, 128, 90]. TAs’ attitudes toward learning and their behaviors supporting learners

were evaluated, e.g., using analysis of writing excerpts and an instructional observation pro-

tocol. Our investigation focuses on addressing two research questions:

• Do TAs’ views about teaching and learning change after lab TA professional develop-

ment?

• Do TAs’ behaviors as lab instructors change after lab TA professional development?

12.2 Lab TA Professional Development Program

Our lab TA professional development model is implemented during weekly lab TA meet-

ings. The first meeting occurs on the Friday before classes start (‘week 0’), and they continue 

for subsequent Fridays through the semester. The lab TA meetings are run by a senior TA 

(i.e., a graduate student TA who has taught the lab in a previous semester and shown 

potential to be successful supporting their peers), with support from the lab coordinator. 

Although the author served as the senior TA for the first two iterations of these meetings, 

we have now implemented the lab TA professional development for three semesters with a 

senior TA who was not involved in its development. Our aim is that descriptions and video 

demonstrations of the activities, combined with structural elements of the lab course such 

as the checkpoints, will serve to ‘futureproof’ our efforts when faculty teaching assignments 

change and TAs graduate.

The framework described above, including both cognitive and motivational aspects, 

serves as the theoretical underpinnings to the structure of the lab meeting as a whole, and 

also for the individual activities that are conducted. We attended to the following principles 

when designing and implementing our instantiation of the lab TA professional development:
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1. When TAs learn new skills or concepts, they should be guided through the three stages

of cognitive apprenticeship.

2. While TAs enter the professional development program with differing levels of self-efficacy

and value related to their work in supporting student learning, all have space to grow as

educators.

3. TAs will evolve in their interest (and consequently, demonstrate increased agency as

instructors) according to the 4 phases outlined above if they are provided adequate

opportunities to reflect on their instructional practices, learn and practice new skills,

and practice using those skills in their lab sections with their students.

All the lab meetings begin with a group reflection activity in which each TA is asked

to share an experience, insight, or concern from the previous week’s lab. Sharing experi-

ences may help some TAs to transition from a triggered situational interest to a maintained

situational interest phase, while their peers can provide support by helping to think about

solutions to problems TAs have been facing in their labs. In addition, encouraging all TAs

to speak (after being given a prompt and time to come up with something to share) can be

especially valuable for English language learners as it helps to normalize oral communication

in the lab environment, and in the lab TA meetings specifically.

Following the reflection activity, the lab coordinator shares procedural and apparatus

notes about the lab. This takes no more than 10 minutes, and is done in a way that models

how the TAs can share relevant information about the procedure and apparatus with their

own students. The apparatus is briefly demonstrated, and complex issues and some common

student difficulties are identified.

The remainder of the meeting time is devoted to one or more activities, some examples

of which are described below. Complete descriptions are available online [71]. The first lab

TA meeting includes an icebreaker activity that asks TAs to briefly discuss what worries

and excites them about working in the lab, as a way to promote growth in their self-efficacy

(by seeing that others are worried too) and the way they value their work (by normalizing

excitement about leading lab sections). An example program of activities for one semester is

outlined in Table 19. The activities and program were developed, iterated, and trialed prior

to their implementation, so that the evaluation below follows a relatively-mature implemen-
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tation of our lab TA professional development program.

12.2.1 Sabotage Activity

In the ‘sabotage’ activity, two TAs engage in a role-play that helps them to better

understand the apparatus and experiment while also practicing TA-student interactions in

a realistic and relevant scenario. A lab station is set up with data collection and/or analysis

completed in line with a certain stage of the lab procedure. However, one piece of the

apparatus, procedure, or analysis has been done incorrectly, or ‘sabotaged’. For example, a

sensor may be uncalibrated, a dynamics track may not be level, a circuit may be constructed

with a short, incorrect units may be used, data on a graph may be displayed in a confusing

way, or a linear trend-line might be applied to non-linear data.

One of the participants will role-play as a student, and may need a quick briefing about

this stage of the lab procedure. This is usually provided in the form of a couple of sentences

on a slip of paper (e.g.: “You have collected these data indicating the position and time

of a falling object, and drew a linear fit on the position-time graph using the computer.

However, the line doesn’t seem to fit the data perfectly, and you’re not sure what the slope

represents.”). The other participant role-plays as a TA. The ‘TA’ approaches the ‘student’

and initiates a conversation. The TA aims to help the student resolve the issue with the

experiment, but must do this using techniques that support inquiry learning (e.g., standing

on the side, not touching the apparatus, only asking questions). Following the role-play, the

participants reflect on their experiences, e.g., the students discuss what they found helpful,

and the TAs discuss the strategies they employed to help the students.

The TAs who attend the weekly meetings appreciate this activity because it gives them

practice dealing with common student difficulties, which are often the inspiration for the

sabotage. The TAs also get the opportunity to practice interacting with students in a low-

stakes setting, and they receive feedback from their peers, the senior TA who organizes the

lab meetings, and the lab coordinator. In addition, the TAs get a chance to experience how

students feel when they receive support from a TA.
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12.2.2 Task Division Activity

Prior research has identified task division (e.g., based on gender) as a possible cause for

inequitable work in introductory physics labs [74, 236, 237]. In this activity, TAs are shown

what this type of inequitable task division looks like and there is discussion of strategies for

countering it in their labs.

In pairs, the participants are asked to engage in a challenging lab exercise, such as

constructing a certain circuit. After most of the pairs are finished, the senior TA shares

their observations of pairs in which one participant was more engaged than their partner,

and then explains that adopting gendered modes of work (e.g., women taking on secretarial

roles while men do the tinkering), among others, is a common ‘bad habit’ [126] and that one

strategy to countering task division is to re-group students once or twice per semester.

Next, the participants are randomly assigned new partners, and asked to complete an-

other, similar task, such as building a different type of circuit. This time, they should be

mindful of their own roles, and also watch other groups around the room. Once the partici-

pants finish this second task, they reflect as a group on what they saw and experienced. The

senior TA shares some relevant strategies for countering inequitable task division (assigned

roles, negotiating fair task splits, giving students individual opportunities to develop core

skills). This type of reflection is designed to help TAs understand what inequitable task

division looks like, and why it is problematic, before giving them tools to respond when they

see it in their own labs.

12.2.3 Dominance Activity

Another way that inequities can manifest in group work is through domination of dis-

cussions. Based on work by Turpen, Sabo, and others [250, 293], this activity gives TAs an

opportunity to observe conversation dominance, and to discuss and practice discursive tech-

niques they can use to address imbalanced interpersonal dynamics. First, two participants

(recruited in advance) act as quiet and dominant students. A third participant is chosen to

act as the TA. The rest of the group observes while the TA role-plays a check-in with the

two actors.
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After the role-play, the two actors share their experience and the observers are invited

to both comment on what they saw and suggest ‘teaching moves’ that the TA could make

in such a situation to bring forward the voice of the quieter student. This rich, participant-

driven discussion typically touches on topics such as body positioning, non-verbal cues,

and tone and speaking patterns, as well as on the question of who is being recognized,

praised, or ignored in TA-student interactions. TAs also discuss which student is being

recognized and being given an opportunity to develop their self-efficacy as a physics person.

Finally, the participants break into groups of three to replicate the scene they just observed.

Each participant is given a chance to try some teaching moves as the TA, to get practice

implementing them, develop their interest, and to see what works best for their own style of

interacting with students.

12.2.4 Nature of Science Discussion

One aspect of the ‘thinking skills’ identified by our faculty is the need for students

to understand the broad-scope epistemology of experimental science, sometimes called the

nature of science [12]. For this activity, TAs engage in discussion to unpack the meaning of

“the basic beliefs and attitudes that scientists share about what they do and how they do

their work” [7], then reflect individually and as a group on how they might be able to have

discussions with their students about these beliefs.

The goal here is to have TAs generate both understandings and approaches themselves,

which could stimulate their emerging individual interest (or help them progress along the

axis of four-phase interest development theory) while also providing meaningful, practical

strategies for talking about the nature of science with their students. As reported else-

where [73], this approach to introducing discussions about the nature of science to the lab

course was generally unsuccessful, and will be a focus for future work (see below).
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Table 19: Program of lab TA meeting activities during one semester of the professional

development program.

Week Activities

0 Icebreaker and norms, Writing activity,

Overview of responsibilities (by lab coordinator)

1 Socratic dialogue activity,

Sabotage activity

2 Nature of science discussion, Practice

3 Sabotage activity

4 Task division activity

5 Sabotage activity

6 Dominance activity

7 Task division activity

8 Sabotage activity

Revisit strategies for supporting inquiry

9 Sabotage activity

10 Revisit nature of science

11 Sabotage activity

12 Writing activity
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12.3 Methodology

12.3.1 Participants

This study reports on implementation of the lab TA professional development at our

large state-related research university in the USA with a student population of 18000 un-

dergraduate students and 12000 graduate students. Our data reflect a total of 44 sections

of the introductory physics lab, led by 30 different TAs, during 2018 and 2019.

Each lab section meets for three hours, once per week, for a semester. In the lab, 24

students work in pairs at a lab bench that is equipped with a computer. In addition, and

before their weekly lab section, students also attend a one-hour lecture delivered by the lab

coordinator that aims to (re)introduce the key physics concepts the students will be exploring

during the lab. The lab is a one-semester class that is taken separately from lecture-based

Physics 1 and 2 courses, and focuses on physics concepts from Physics 1 and 2, including

mechanics, electricity and magnetism, and optics, and requires completion of Physics 1 as a

pre-requisite.

The lab sections were led by graduate student TAs who had completed, or were currently

enrolled in, a one-semester course on physics pedagogy. 80% of the TAs were international

students, 70% identified as male, and 85% were in their first or second year of graduate school.

Nearly all of the data reported below are for TAs who were teaching the one-semester lab

course for the first time. The high fraction of lab TAs who were international students may

be the result of a policy requiring better results on an English proficiency test in order for a

TA to be appointed to lead recitations. Interestingly, in our interviews with students, they

rarely indicated they had difficulty understanding their TA.

Two offerings of the introductory physics lab are offered: an algebra-based version that

accounts for the majority of lab sections and attracts primarily health science majors, and a

calculus-based version that primarily enrolls physical sciences majors. Aside from some small

differences in the presentation of the theory in the lab lecture, the lab is identical for these

two offerings. For our student population, those who wish to apply to medical school (and

several similar career trajectories) require a physics lab, while most engineering students are

178



not required to take a physics lab. The algebra-based offering is about 60% female, and

primarily students in their third or fourth year of study. The calculus-based offering is 30%

female, and primarily students in their first or second year of study.

12.3.2 Traditional and Transformed Lab Curricula

Our observations and data follow TAs who instructed two types of introductory labs.

For the first two semesters, the labs followed a traditional, highly-structured format [50]. In

the traditional lab course, students read a section of their lab manual that developed the

theory, then carried out experiments in a step-by-step manner that was designed to allow

them to operate sometimes-complex apparatus efficiently, but left little room for students to

develop experimental skills or develop their epistemological understandings of experimental

science.

For the third semester of our study, the labs were transformed to an inquiry-based for-

mat. The process of transforming physics labs has been thoughtfully described in prior

research [137, 322], and our work followed a similar process. We started by meeting with

faculty in our department to identify goals for the introductory physics lab courses. Using the

AAPT Recommendations as a guide [1], the emergent consensus was a focus on improving

fundamental lab skills such as making measurements, creating graphs, and troubleshoot-

ing, and enhancing thinking skills such as understanding models, devising hypotheses, and

developing scientific arguments [22].

In addition, our faculty members decided that the introductory physics lab should also

aim to help students improve their understanding of essential physics concepts by having

students engage with inquiry-based lab-work. For some time, physics educators have argued

that the introductory physics lab should focus on inquiry, rather than highly-structured

laboratory work [31, 60]. Inquiry-based lab work such as Real Time Physics [278], which we

adopted as the foundation for our lab curriculum, provides scaffolding as students develop

their conceptual understanding of physics concepts in the lab. We have supplemented the

Real Time Physics labs with additional learning activities and questions to explicitly help

students develop the lab and thinking skills our faculty members identified as priorities.
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Figure 12: Diagrammatic representation of data collection over the course of a typical

semester.

In an effort to improve the quality and quantity of TA-student discussions and feedback

about physics concepts and lab-related thinking skills, we introduced a series of checkpoints

to work that students do in the lab [153]. In particular, 2 to 4 times during the 3-hour lab

session, students are expected to summon the TA for a brief chat about their work. TAs are

provided with a list of possible questions to ask at each checkpoint, and a checklist to ensure

every pair of students completes all the checkpoints.

The adoption of Real Time Physics as a lab curriculum required the TAs to not only

help students develop skills to trouble-shoot apparatus and computer problems [289], but

also support inquiry-style learning. However, since our professional development program

aims to prepare lab TAs to support principles of guided inquiry and inclusion in student

learning, this new curriculum was even more attuned to the TA training provided.
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12.3.3 Collecting Qualitative Evidence for TA Buy-In and Growth

As a precondition to being able to evaluate the change in TA behaviors that come as a

result of our implementation of lab TA professional development, we sought to determine

whether the TAs bought in to the professional development we provided. We relied on two

approaches to do this: informal observations and semi-structured interviews. An extensive

series of informal observations were conducted by the author and his supervisor, who acted

as non-participant observers, during the semesters for which data was collected [72, 228].

These observations occurred during the weekly lab TA meetings, during lab sessions, and

occasionally even at times when TAs were preparing for the lab individually. Field notes

were recorded, and used as a basis for generative discussion by the author and his supervisor

to identify key themes (which then provided focus for future observations) and to evaluate

the extent and nature of TA buy-in to the professional development program. These informal

observations complemented the structured observations we conducted (see below) and, along

with the interviews, were used in part to examine TA buy-in to our instantiation of the lab

TA professional development model. In total, more than 200 hours of informal observations

were conducted.

We invited 8 TAs to participate in semi-structured interviews about their experiences as

a lab TA. The 8 TAs were selected to provide diversity in standing (graduate students in

their first and second years of study, as well as those close to graduation), nationality, gender,

teaching experience, and our perception of their engagement with the lab TA meetings. The

interviews occurred at the end of the semester in which they served as a lab TA, were audio-

recorded and transcribed, and lasted 30-45 minutes. All 8 invited TAs participated. The

interviews followed a semi-structured format [228]. A list of ‘starter questions,’ generated

by the author and his supervisor, focused on the TAs’ perceptions of the structure and goals

of the lab TA professional development program; their experiences working with students;

how, and to what extent, they used techniques from the lab TA meetings in their labs (such

as supporting inquiry learning, maintaining equitable learning, and explicitly talking about

the nature of science); and the grading for the lab course. Most participants shared openly

and at length about most topics, with little need for prompting. All names are pseudonyms
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chosen by the interview participants.

12.3.4 Writing Excerpts

In order to understand how TAs’ views about learning changed over the semester that

they taught, we asked the lab TAs to respond to writing prompts at their first and last lab

meetings. The prompts, reproduced in Table 20, were designed to stimulate TAs to write

about how they imagined/recalled interacting with students. The written TA responses were

read by the author, and all statements describing interactions with students were extracted.

The extracts were typically one sentence in length, but in a small number of cases where a

single sentence contained multiple potentially-conflicting viewpoints, that sentence was split

into two or three phrases.

Table 20: Writing prompts used to generate writing excerpts.

Pre What can we do as TAs to make sure our students have

positive, meaningful, effective learning experiences?

Pre How will you help students understand how physics con-

cepts connect to the lab, and understand why they’re

doing what they’re doing?

Post Write about a time when you helped a student learn

something in the lab.

Post Write about an occasion in the lab when you weren’t

sure what to do at the time. How would you react now?

Next, we sorted the extracts according to whether they indicated that the TA held a

transmissionist or constructivist understanding of the nature of learning, using the following

definitions, selected from a journal article written for an audience of college educators. In

the transmissionist view, the instructor “has the knowledge and transmits that knowledge to

the students, who simply memorize the information . . . often without even thinking about

it. This model of the teaching learning process . . . assumes that the student’s brain is like
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an empty container into which the [instructor] pours knowledge” [164]. Meanwhile, for the

constructivist view, “...knowledge is a state of understanding and can only exist in the mind

of the individual knower; as such, knowledge must be constructed, or reconstructed, by each

individual knower through the process of trying to make sense of new information in terms of

what that individual already knows. . . Students use their own existing knowledge and prior

experience to help them understand the new material. . . The [instructor’s] role is to facilitate

students’ interaction with the material and with each other in their knowledge-producing

endeavor” [164].

Over three semesters, we collected 61 written excerpts from 24 different TAs, all but

two of whom were TAing the lab for the first time. Two physics education researchers first

sorted 10 of the excerpts, then compared their results and discussed their sorting process in

order to reach a consensus before sorting the remainder of the excerpts. Overall, the sorters

achieved an agreement given by Cohen’s κ = 0.929 [54], which is considered “excellent” [97]

or “almost-perfect” [175] agreement. Finally, a consensus was reached for the remaining

excerpts for which there was disagreement. All 61 excerpts were sorted into one of the two

categories.

Trusting this sorting to answer the research question requires the validity of several

assertions. First, we claim that the excerpts honestly and accurately depict the TAs’ thoughts

about student-TA interactions. The TAs who submitted these responses were given time and

space to write, assured that their work would be held anonymous, and understood that their

supervisor (the lab coordinator) would not evaluate the responses. These conditions, plus

the existence of several responses from the end of the semester of professional development

meetings that directly oppose explicit instructions from the TA training, suggest that the

TAs’ responses were honest and true.

Second, we claim that the sorters were correctly reading and interpreting the excerpts.

Although there were a few grammatical and spelling errors in the (hand-written) excerpts,

they were all clear and coherent. Examples are provided in Table 21. Further, given the high

level of agreement between the two sorters, it is highly likely that they were reading and

interpreting the excerpts accurately. We note that since the first constructivist statement

in Table 21 was from a TA in the traditional lab which focused on ”proving formulas”, the
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researchers agreed that it was constructivist for that context.

Table 21: Example excerpts from the TAs classified as Transmissionist and Constructivist.

Category Example excerpts

Transmissionist “I will explain the physics model behind their experi-

ment equipment.”

“I need to map the theoretical background deeply and

communicate it in such a way that the students are able

to grab the concepts.”

Constructivist “...encourage students to design an experiment by

themselves to prove the formula.”

“I was able to refrain from giving students an answer

until they had figured it out themselves. . . Through

questions, I was able to get them to the answer.”

The final claim that must be supported in order for this sorting to have validity is that the

categories into which the excerpts are sorted must be distinct, and that a TA moving from

one category to another is making a meaningful change in their view of student learning.

In this case, the two categories of transmissionist and constructivist views are relatively

distinct, with a wealth of educational theory supporting this claim [56, 233].

12.3.5 RIOT Observations

The Real-time Instructor Observation Tool (RIOT) is a tool for continuously monitoring

and categorizing types of instructor-student interactions [232, 304]. The categories are briefly

described in Table 22 and more-thoroughly explained in Refs. [231, 304]. While a wide

variety of observation protocols have been developed and used to study instructor-student

interactions in labs [235, 299], the continuous recording, ease of use, and applicability of

categories made RIOT the best option for this study.

Our RIOT data span three semesters, totaling nearly 200 hours of observations of 24 dif-
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Table 22: Descriptions of categories in RIOT relevant to this study.

Category Description

Open Dialogue Student is contributing half of the words, actively

developing an understanding of physics/lab ideas

Closed Dialogue Instructor is controlling the conversation, but stu-

dent is providing some input (asking follow-up

questions, answering closed questions, etc.)

Explaining Content

(Discussing Concepts)

Instructor is explaining physics concepts while stu-

dent is a passive recipient

Clarifying Instructions Instructor is explaining lab procedure while stu-

dent is a passive recipient

(Actively) Listening Instructor is actively listening to a student, shown

by eye contact, body position, gestures, etc

Active Observing /

Watching (one group)

Instructor is paying attention to only one group of

students but is not engaging with them in any way

Passive Observing /

Scanning (whole class)

Instructor is walking around or on side, not able to

pick out individual conversations
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ferent TAs. The data were collected in weeks 3, 6, and 11 of the semester. These weeks were

chosen to provide initial, midpoint, and end-of-semester data because student enrollment is

still in flux during weeks 1-2 and students often skip the experiment during week 12 since

they are permitted to drop their lowest lab report grade.

During data collection, the observer sat on a bench at the side of the classroom, using

the RIOT app [231] to collect data on his mobile phone. The observer was careful to

avoid impacting the regular classroom dynamics. In follow-up interviews with TAs, the TAs

confirmed that they did not act differently when the observer was in the room because he

was there so frequently.

The validity of RIOT data for answering our research question requires several asser-

tions to be true. First, we claim that the observer could see, hear, interpret, and correctly

understand conversations that were happening around the classroom. For example, when

the TA is talking with a pair of students on the far side of the room, was the observer able

to accurately categorize their interaction based on what he could hear and see? In order

to assess this, we video-recorded sample interactions from two different distances and with

different audio levels, representing the experience of observing a pair of students working

together from across the bench and from across the lab. As part of a regular lunch meeting

of the Discipline-Based Science Education Research Center (dB-SERC) at our university, we

asked a panel of 27 experienced science educators, to categorize the interactions. At both

distances, all 27 educators were able to accurately and correctly distinguish between the

Open Dialogue and Closed Dialogue categories of student interaction. These two categories

were used because we felt that they were likely the most difficult to distinguish at a distance.

The videos we used are available online at [71].

Second, we claim that the observer was accurately and precisely categorizing the TA-

student interactions that he observed. To evaluate this, a second observer was given de-

scriptions of the categories, and then simultaneously categorized interactions during four

separate 1-hour intervals. Data from one of these intervals is shown in Fig. 13. Agreement

between the two observers for the four intervals ranged from Cohen’s κ = 0.50 to 0.73, which

corresponds to a “fair to good” [97] or “moderate” to “substantial” [175] level of agreement.

This should be viewed as a lower-bound estimate on the agreement between the observers.
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Figure 13: Comparison of two observers’ categorizations during a representative 45-minute

interval.

In particular, if one observer were pressing the buttons slightly earlier than the other, this

systematic temporal shift between two otherwise-in-agreement categorizations would bias

the agreement downward [131]. A difference in prior experience in using the RIOT tool and

diligence in focusing on interactions may explain some of the other discrepancies between the

two observers. We acknowledge that this range of values for Cohen’s κ is lower than is re-

ported in other physics education literature, but note that making real-time categorizations

as we do here is more error-prone than sorting-type categorization work (as we did with the

writing excerpts), for which the researchers have time to carefully reflect before making a

categorization decision. Thus, we claim that our categorizations are consistent, and likely

accurate, but with relatively sizable random errors. We exercise due caution and restraint

in analyzing the data and drawing conclusions that result from this approach.

Finally, in order to draw conclusions from RIOT data, it is necessary that the categories

are real and meaningful in the context in which they were observed. For example, were TAs

acting in a substantially different way when they are engaging in open-ended dialogue as

opposed to closed dialogue? In order to evaluate this claim, we asked our panel of science

educators to categorize a variety of video-recorded sample interactions. If the experienced

instructors can identify and explain the difference between different interaction types, then

those interaction types are likely to be pedagogically meaningful. A panel of 24 educators at

dB-SERC were asked to categorize video reenactments of five different TA-student interac-

tions. In all five cases, there was a strong level of agreement among the educators. Fleiss’s
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kappa [97] for these 24 raters categorizing 5 videos using the RIOT categories was calculated

to be κ = 0.82, which is an “almost perfect” [175] level of agreement.

12.4 Results

In order to understand TAs’ views about the lab TA professional development program

and the extent to which we had established buy-in from them, we conducted interviews with

8 TAs about their experiences as TAs and as participants in the professional development

program. Below are summaries from 3 of those TAs. The first two, from interviews with

Alan and Emily, are representative and typical of the TAs we interviewed and also of the

broader pool of 24 TAs who completed the TA professional development program. Alan and

Emily crystalized some factors that were common across many of the other interviews. The

third summary is from Ted, a TA with a uniquely low level of buy-in, whose responses help

to identify a shortcoming in our professional development program. Ted’s responses indicate

that for a TA who started with very low interest and self-efficacy, the professional develop-

ment program was not able to help him develop a higher level of interest and self-efficacy as

a facilitator of the inquiry-based labs. Our observations suggest that Ted’s experiences were

unique among the 24 TAs included in this investigation. All names are pseudonyms.

12.4.1 Alan

A first-year graduate student, Alan reported that his semester as a TA in the introductory

lab was his first teaching experience. In the interview, he described how his confidence as

a physicist and an educator grew substantially because of his work as a TA: “I was not

confident in so many of the materials I had learned before, and I realized that I have to take

another look at some of them... How am I going to teach these things some day?”

Alan enjoyed teaching, and his description of a typical interaction with students suggests

a well-developed individual interest, on the four-phase framework: “Some people think that

the voltage is flowing through the circuit. I saw their answers in their homework, I didn’t
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know they think like this in the lab... You could talk about some things and their confusion.

It was very rewarding for me, that I could help them in a small way.”

Alan was a typical participant in the lab TA meetings. When asked what he found

effective in the professional development, he answered: “There was nothing not effective, all

of it was really helpful.. [We] did those sabotage things, [and] introduced some of the common

mistakes. I don’t know what would happen if we didn’t have those sessions.” Yet, while

he was actively engaged in the meetings, he was sometimes unsuccessful at implementing

the teaching strategies in his lab sections. In a discussion about standing on the side of

the lab bench and asking questions, rather than touching the apparatus, when students

have questions, he confessed, “I have to admit that I wasn’t able to do it correctly because

sometimes it’s really hard to stay away from the thing that they’re asking questions about, I

have to go there and see what’s happening.” Here, it appears that Alan’s self-efficacy as an

educator is developing, but has not fully matured, reminding us that supporting the growth

of educators can be a slow process.

For other strategies, such as switching partners to help students avoid developing ‘bad

habits’ like gendered task division [74, 126], Alan implemented the strategy introduced in

the TA professional development, but clearly kept thinking about it, as he explains: “When

I ask a question in the check-in, most of the time one of them answers... If I were to do

everything again, I would change their partners every session, not once a semester. I really

notice that some of them keep staying away from the experiment, and their partner is doing

all of the things. It’s one of the most important things that we have to work on.” Whether

this technique would be effective is perhaps less important than what it says about Alan’s

well-developed individual interest and engagement as a TA.

12.4.2 Emily

Emily was in her fourth year as a graduate student, doing research in experimental

condensed matter physics. This was her first semester as a TA. Like Alan, she rapidly

developed an individual interest as a lab TA. Although initially planning to pursue a career

in industry after graduating, by the end of the semester she was considering a teaching role
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instead: “I went from, a year ago, absolutely, post-doc or private researcher. And now, I’m

thinking of ... teaching full time. This [lab] has done a lot to show me that I can interact

with students and have a lot of fun.”

Emily was enthusiastic about the lab TA meetings. Asked whether they helped her

prepare for her work as a lab TA, she replied, “Definitely yes, the meetings helped, [especially]

the parts of the meetings where we go see what the set-up is like, and go practice it.”

Emily found the sabotage activity to be especially useful. She also appreciated having the

opportunity to reflect and connect with fellow lab TAs, reflecting growth in her self-efficacy

while noting that “it’s nice knowing that we can all check in with each other, just knowing

that the time is there.” Emily reported that the nature of science activity was less effective,

and suggested that discussions about the nature of science might be better positioned as

questions for the lab report rather than part of the discussions between TAs and students.

Unlike Alan, Emily told us that the strategies to support inquiry learning “came really

easily.” She relished the guide-on-the-side role, and preferred to help students find their own

answers by asking them questions. “I loved the check-in after Investigation 2, capacitors in

series and in parallel, trying to get them to understand why they add up the way they do.

Some students had the answer, and some didn’t. It was really fun helping them arrive at

that, because it was so intuitive and physical. I enjoyed that part the most, when they let

me ask them a bunch of questions.” Like Alan, Emily’s responses suggest a lab TA with

well-developed individual interest and positive self-efficacy growth as an educator in her work

by the end of the lab professional development program.

12.4.3 Ted

Ted was the lab TA who was least willing to engage with the activities during our lab TA

meetings. A fifth year graduate student, Ted studies theoretical condensed matter physics.

Unlike Alan and Emily, who demonstrated buy-in to the principles of supporting inquiry

and inclusive learning, among others, Ted remained skeptical about the value of learning

pedagogical techniques in the lab TA meetings. Asked if he found the meetings valuable,

he replied, “A bit. I think the best way to hold the lab meeting is to give us a complete
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instruction about the lab. For example, we could do the experiment together.” Ted saw

the lab meetings as a place to learn about the lab procedure and apparatus, rather than an

opportunity to learn new teaching strategies and get practice interacting with students.

While Ted saw the pedagogy, he did not adopt it. Asked if he sought to help students

to frame their own questions, he answered, “There were too many students. I can’t just

instruct them step by step. There’s not enough time.” Similarly, he decided not to adopt

the strategy of talking to quieter students in order to counteract conversational dominance,

saying, “Trying to ask the student who is not good at physics, I think they cannot answer

your question.”

However, while Ted did not buy in to the teaching approaches we shared during the

professional development program, he did recognize the problems those approaches were

designed to address. He described a case of gendered task division, saying, “One student is

very good at physics, they will try to do most of the work.” However, while he was concerned

about this happening, he felt unprepared to address it. When asked how he responded when

such situations arose in his lab, Ted said, “I have no very good ideas. I told them to mix

their groups several times, but it didn’t help.”

This situation of a TA who sees the need for certain teaching strategies, but does not use

them when they are presented to him, suggests that Ted did not consider that the teaching

strategies he was being presented had merit. In other words, he did not buy in to these

strategies. Moveover, and exceptionally, during his 30-minute interview Ted told no stories

about interactions with particular students, expressed no curiosity or interest in a student’s

struggle or success, and indicated no pride or interest in his teaching. Ted’s lack of buy-in

could be understood by hypothesizing that Ted never felt a triggered situational interest in

helping students learn during his work as a lab TA.

Aside from Ted, however, we may broadly claim that our instantiation of the model of

lab TA professional development had a positive impact on TAs. Not only did most of the

TAs (except for TA) participate actively in the lab TA meetings, but they continued to

reflect on their role as a TA outside of the meetings and worked to improve the way that

they supported student learning in their lab sections. Thus, since most of the TAs have

demonstrated that they bought in to our instantiation of lab TA professional development,
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Table 23: Categorization of TA writing excerpts into two views of teaching.

Pre Post

Transmissionist 16 9

Constructivist 6 11

we may consider the evaluation of our implementation of that instantiation.

12.4.4 Did TA Views About Teaching and Learning Change to be More Sup-

portive of Inquiry Learning?

Over three semesters, a total of 61 writing excerpts were collected: 34 from 24 TAs at

the start of the semester, and 27 from 21 TAs at the end of the semester. Representative

example excerpts are presented in Table 21. However, it is the TAs – and not the excerpts

– that we wish to compare. If we counted only the excerpts, one TA whose writing was the

basis of three excerpts would be over-represented, and perhaps introduce bias in the results.

Thus, the 61 excerpts were associated with the TAs who wrote them, and these data are

indicated in columns 2 and 3 of Table 23. Since the writing was submitted anonymously, it

is not possible to look at the change in views for individual TAs. Three TAs are excluded

from this table (2 pre and 1 post) because their writing resulted in two or more excerpts

that contained both transmissionist and constructivist views of teaching. The Fisher-Irwin

test [97] allows us to reject the hypothesis of independence between TA view of teaching

and the pre/post condition (p < 0.05), indicating a positive and statistically significant

effect when comparing the 22 (pre) and 20 (post) TAs whose writing provided unambiguous

transmissionist or constructivist views of teaching.
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12.4.5 Did TA Behaviors Change to the More Supportive of Inquiry Learning?

RIOT observations for three semesters are shown in Fig. 14. The fraction of lab time

is shown, with colors indicating the different TA-student interaction types. Each week (i.e.,

each column) is the mean of these fractions over 7 or 8 TAs, depending on how many were

observed that week. Each semester, a new batch of TAs was observed, so these changes

indicate how TAs’ interactions with students change during their first semester working as a

lab TA. For clarity, no error bars are displayed. Typical values of the standard error in the

mean are 2-3%.

During the first semester of observations, the lab was run using a highly-structured lab

curriculum [50] and no specialized lab TA professional development was provided. The shift

from watching and scanning toward closed dialogue (i.e., from observing to talking) aligns

with our observations that the TAs became more confident in talking with students over the

course of the semester. However, the TAs spent very little time engaging in (open-ended)

dialogue that allowed students to actively develop understanding or expertise.

In the second semester, the highly-structured curriculum was retained while specialized

lab TA professional development was introduced via weekly, one-hour lab TA meetings.

While the distribution of TA-student interactions is comparable to those in the first semester

during Week 3, by Week 6 the difference between the two semesters has become clear and

distinct. Unlike in the first and third semesters, in the second semester the behaviors of this

new batch of TAs continued to evolve during the semester, perhaps reflecting slow progress as

the TAs negotiated tension between the traditional, highly-structured lab learning activities

and the encouragement from the lab TA professional development program that TAs support

student learning using techniques designed for inquiry learning.

In this second semesters, the TAs spent substantially more time actively listening to their

students and engaging in open-ended discussion (i.e.: as in the first semester, TAs went from

observing to talking, but now with more open dialogue). In our observations, we noted

that the TAs seemed more comfortable in their roles as educators than they had in past

semesters. In general, the TAs were more willing to simply listen to their students, rather

than always feeling the need to provide answers. This semester in particular showcased the
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Figure 14: Comparison of TA-student interactions across three semesters, averaged over all

observed TAs.

utility of the lab TA professional development program, as the training helped TAs engage

in epistemologically beneficial instructional practices even though the traditional, highly-

structured lab curriculum used during this semester was built around learning activities

that were not designed to develop students’ epistemology.

The third semester saw a switch to a Real Time Physics-based active learning curricu-

lum [278]. This switch included adopting checkpoints, as described previously, and contin-

uing to provide professional development activities in the lab TA meetings. The difference

between the second semester and the third semester can be attributed to the change in

pedagogy. In this semester, nearly a third of TA-student interaction time was devoted to

open-ended dialogue, including as early as week 3, and a similar fraction to closed dia-

logue. We observed that the TAs this semester generally demonstrated both confidence

and purposefulness when interacting with students, and were especially likely to employ the

strategies for supporting inquiry learning that were introduced as part of the lab TA profes-

sional development. In other words, the benefits of the professional development program on

TA practices become evident earlier in the semester in the third semester in which inquiry

learning learning was used compared to second semester when the lab was traditional.
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12.5 Discussion and Summary

The findings described previously suggest that, on average, our professional development

program helped improve lab TAs’ views about teaching and learning and their concomitant

teaching behaviors in the lab. Our instantiation of the lab TA professional development pro-

gram, designed using the framework of the cognitive apprenticeship and expectancy-value

theories, did an adequate job of moving many graduate student TAs toward a higher level

of teaching effectiveness. However, as illustrated by the interviews with two representative

TAs and one TA with a uniquely low level of interest and self-efficacy, the average results

presented here mask inadequacy of certain aspects of the implementation of effective ped-

agogical practices. For example, Alan struggled to avoid touching the students’ apparatus

and Ted largely did not buy in.

As viewed alongside the measuring-stick of the four-phase framework of interest develop-

ment, many TAs (including Alan and Emily) experienced substantial growth in their interest.

One TA (Ted), on the other hand, did not engage deeply during the activities which were part

of the lab TA professional development program, nor did he employ the teaching strategies

in his lab. It appears from the interviews that this TA, about a year away from defending

his Ph.D. thesis and the only member of his cohort in the pool of lab TAs in that semester,

may have viewed the lab teaching role as an unwanted burden. In order to account for Ted’s

lack of involvement, we refer back to expectancy-value theory. Unlike most of his fellow TAs,

Ted came with a very low level of interest and did not find enjoyment in his work as a lab

TA throughout the semester. Thus, our focus during the professional development program

on developing interest with inspiration from the four-phase interest development theory was

not appropriate for a TA with a very low level of initial interest as an educator. Instead,

in order to adopt the pedagogical techniques and approaches advocated in our professional

development program, Ted may have required that the program be built around a utility

value model [145] focusing, e.g., on more explicit discussions of how developing teaching

skills could help his career goals, or on how improved teaching practices might improve his

course evaluations.

Both the excerpt categorization and the RIOT observations indicated that, while im-
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proved in their capacity to support inquiry learning, the instructional views and practices

of the TAs continued to be an admixture of transmissionist and constructivist views. For

example, in the ‘post’ condition, 9 TAs continued to describe student learning using a trans-

missionist view, and around 40% of TA-student interactions in Week 11 with the active

labs and TA training continued to consist of closed dialogue. We interpret these results as

indicative of two things. First, the process of developing expertise as an educator should be

viewed as a long and sometimes difficult process: those 9 TAs who continue to ascribe to

a transmissionist view of teaching at least in some cases may have shifted in their thinking

but still have some distance to go before they fully adopt a constructivist view. These TAs

may benefit from more practice teaching, and perhaps another semester as a lab TA with

our professional development program. Second, we note that masterful educators typically

use a mix of methods. In our labs, TAs are given enough freedom and responsibility that

it would be remiss to only engage in open dialogue with students, or to never clarify the

instructions for them. Thus, the argument we seek to make is that the overall balance of TA-

student interactions was better-attuned to supportive inquiry learning with the professional

development than without it.

Equity was an important consideration in the design and implementation of our lab

TA professional development program. Several of the lab TA meetings included activities

that sought to help TAs learn to recognize and combat inequitable student work, such as

gendered task division and conversational dominance. As was the case for Alan in the

interview described previously, it was common for TAs to engage with these activities, and

to think about how they could respond to inequities. In practice, our informal observations

suggested that most TAs adopted techniques for responding to conversational dominance

(such as posing questions directly to the quieter partner) and were diligent about rotating

group composition at least once during the semester in order to reduce the impact of gendered

task division. The higher level of engagement with these activities suggests that most TAs

bought in to the topic of equity although more work needs to be done.

In summary, our model of lab TA professional development based on weekly lab TA

meetings took into account both cognitive and motivational aspects to engage TAs effectively.

This type of lab TA professional development can be successful at preparing graduate student
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TAs to effectively support student learning in the labs. Moreover, our findings suggest that

over the span of one semester, TAs who engage in lab TA professional development can

develop effective attitudes and approaches to supporting student learning. These results hold

regardless of the nature of the curriculum used in the lab course. Our lab TAs demonstrated

the use of effective forms of student-instructor interactions regardless of whether the students

were in a lab course that used a traditional, highly-structured curriculum or a transformed,

inquiry-based approach.

Equally importantly, the success of lab TA professional development at achieving these

goals is contingent at least partly on the buy-in and engagement from the graduate students

who undertake it. Including expectancy-value theory and the 4-phase interest development

theory as the motivational framework inspiring our work was important for success of the

program and ensuring buy-in and engagement from TAs. We also note that the close re-

lationship between the lab TA meetings and TAs’ instructional work in the labs may have

allowed a synergy that is not available in all cases of TA professional development.

Several avenues for future work are suggested by the interviews. For example, as Emily

pointed out, discussions about the nature of science are difficult for TAs to initiate. Based on

these types of factors, our lab curriculum has been revised to incorporate explicit discussion of

this important topic in the questions that students answer during the lab, rather than asking

TAs to initiate conversations about the nature of science. Another place for improvement

was highlighted in the interviews with TAs such as Alan and Ted, who described a need

to continue developing and refining strategies to ensure equity and inclusion of all students

in these types of physics labs. The task division and dominance activities have been useful

first steps, but we are also committed to refining the lab curriculum and environment to

eliminate unequal opportunities for student learning in these types of labs.
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13.0 Student Reflections on Online Learning

Over the past year, colleges and universities around the world have pivoted to remote

instruction as a way to provide educational continuity for learners who are able to attend

remote classes during the COVID-19 pandemic disruption. Early reports focused on the

impact on teaching and learning that arose from the transition to emergency remote instruc-

tion in the northern hemisphere spring of 2020 [43, 68, 105, 168, 310]. The switch to remote

instruction in the spring of 2020 was hasty, giving instructors no time to develop or cultivate

online resources for students, design effective learning experiences, or address the specific

affordances and constraints associated with online learning.

However, by the start of the fall semester, many instructors made heroic efforts to make

themselves acquainted with the challenges of supporting student learning online, the capa-

bilities of modern technology in delivering remote instruction, and resources and curricular

materials available to support instruction [32, 42, 67, 227, 247].

Many instructors worked extremely hard and sought to deliver thoughtfully-designed

online courses for the first time in the fall of 2020. Given the current, ongoing, need for remote

instruction because of the pandemic, and anticipating that some colleges and universities may

increase the fraction of courses they offer online in coming years, it may be productive to

reflect on what worked and what didn’t from students’ perspective for online classes in the

fall of 2020.

At our institution, a large research university in the USA, fall 2020 instruction was fully

remote at the start and end of the semester, with a period during the middle when instructors

were able to conduct their classes in a hybrid format if they wished. Few instructors employed

hybrid instruction during the weeks when it was possible and, for those who did, only

a very small number of students attended in-person. In this chapter, we analyze survey

responses from 1400 students in physics courses at all levels (which is part of a pre/post

survey our department administers for departmental assessment) and interviews with 37

physics students in fall 2020 in order to understand students’ perceptions of the affordances

and limitations of online college physics instruction at our institution. The surveys were
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given to students in 12 physics courses with 10 different instructors, with an overall response

rate of 80% and response rates from individual classes ranging from 63% to 100% during the

Fall 2020 semester. Student responses shed light on five areas of instruction: lecture-based

classes, active learning classes, lab classes, community and collaboration, and assessment.

As we collected and analyzed these data, we recognize the ethics of teaching and re-

flecting on student learning during the pandemic. Many of our students have been severely

adversely affected by the pandemic in many ways. In fact, the pandemic has brought out

the inequities in higher education clearly. Many students have had health issues or have lost

loved ones, and others have faced challenging circumstances or paused their studies. We seek

to be conscientious about the needs of students who are not represented in our data due to

hardships caused by the pandemic, about the additional serious challenges facing students

who continued their studies, and about inequities related to who was able to continue their

studies. We focus on students’ perceptions of online learning rather than potentially biased

measures of instructional effectiveness. Our survey data were collected as part of a routine

departmental assessment that we conduct every semester. The interviews were conducted

with volunteers who were paid for their time in an IRB-approved study. The data collection

and analysis were originally conducted to provide guidance to instructors in our department

on how to tune their online physics courses for the Spring 2021 semester, and this analysis

was done only after that task was complete.

13.1 Lecture-Based Classes

In interviews and survey responses, students expressed both satisfaction and frustration

with how the lecture portion of their science courses had been converted into an online

format. Among the positives, students described practical advantages to attending lectures

online. They could see the slides or whiteboard better and hear the instructor more clearly.

Studying from the comfort of home was a benefit, as well. Students described being better

able to maintain a restful sleep schedule because they didn’t need to wake up early to

commute to class, feeling more physically comfortable studying from the furniture in their
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homes, and feeling less anxious because they weren’t (hyper)visible [239] to their classmates.

They reported being more likely to attend class, and more likely to be on time when they

did.

The biggest advantage to live online lectures, according to students, was that they could

re-watch the lectures (and rewind some parts several times to understand concepts) in order

to catch up on the concepts they missed, refresh on ideas later in the semester, or fill in gaps

in their notes. In response to a survey question that asked students to identify the most

positive outcome of remote instruction, 21% noted the ability to re-watch live lectures. For

example, one student appreciated “the ability to [go] back and look through the recorded

lectures when I’m having difficulty understanding the concepts or need future clarification.”

However, the practical benefits of online lectures were balanced with substantial draw-

backs. The most significant effect described by students in our survey was a decrease in their

focus and motivation because their class was online. While home is comfortable, it is also

full of distractions. One student noted, “I definitely pay attention less than when I was in

a normal in-person class, so I get less out of each lesson.” Another student pointed to “the

issue of staying on task. It’s difficult being in your room and staying focused on lectures or

homework. It’s very easy to get sidetracked on your cell phone or by cleaning your room.”

Without social cues to pay attention in class, it was easy for students to lose focus. A third

student noted, “I could never focus on anything I was doing. Being stuck inside and unable

to see how my peers worked made me less motivated.” The feelings of loss of focus and de-

motivation went hand-in-hand with poor mental health, with students specifically describing

feelings of isolation, loneliness, burn-out, and ‘Zoom fatigue’ [15]. In response to a question

that asked students to identify the most negative outcome of remote instruction, three of

the seven most common themes were student concerns about motivation, focus, and their

mental health.

While many students articulated both positive and negative aspects of online courses,

first-year students in particular seemed negatively impacted by online learning. Since they

were new to the university, they found the online environment made it much harder to

adapt to college science learning. Reflecting on a first semester of college spent taking

online courses, one student described the experience as feeling “fake.” The transition from
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high school to college is not always easy. It is possible that the affordances of in-person

instruction provided a bridge to help some students through the transition, such as by

providing opportunities for students to collaborate with one another. With classes moved

online, students no longer benefited from some of the informal norm-setting and expectation

balancing that may happen when students talk with each other before, during, and after

class. It might be productive for colleges and universities to think about ways they could

provide a more structured transition from high school to college style learning.

First-year students found online lecture courses to be “not real”, ineffective and disap-

pointing, while students in their second year and beyond described a balance of advantages

and disadvantages to studying their lecture-based science courses online. The technical

benefits of online lectures such as being able to hear and see more clearly, not needing to

commute, and being able to re-watch lectures were balanced by concerns about motivation,

focus, and mental health.

13.2 Active Learning

The most common alternatives to traditional (but online) lecture-based courses at our

institution were flipped classes [163]. In flipped classes, students were expected to watch

lecture videos before attending class, where they would mostly engage in collaborative skills

practice activities with coaching from the instructor. In some classes, the instructor used the

Zoom polling feature or Top Hat to replace clicker questions, with grade incentive provided

for answering questions. In some cases, students were also graded for the correctness of their

polling answers. Breakout rooms were used for group discussions.

However, in many classes, students were given no grade incentive for completing the in-

class collaborative activities or out-of-class homework, and solutions to these activities were

posted online. In such classes, students reported that the lack of grade incentive meant that

they simply stopped doing these activities on time and prioritized other classes. Moreover, a

negative feedback loop occurred such that some students who attended class were unprepared

for collaborative work, deflating the quality of group skills practice activities, which students
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quickly began to consider “useless.” One student described, “working on a worksheet then

brings back the problem ... where people don’t want to participate as much. So then, at

the end of the day, you’re not really getting group activity help.” Students in classes where

weekly assignments did not have an associated grade incentive attempted to ‘cram’ before

mid-term and final exams by watching videos and rushing through practice problems and

browsing over their posted solutions, but this strategy was largely ineffective. However, in

classes where weekly assignments and collaborative work was graded, students continued to

participate throughout the semester and felt that they had learned well and were better-

prepared for their exams.

In some classes, the instructor sought to provide completely asynchronous instruction for

students, re-purposing scheduled classes into drop-in office hour sessions. The students found

it very difficult to learn in these classes, as the lack of synchronous interaction decreased

their capacity to learn and participate in the class. One student commented, “it was harder

to make sure that you were on pace.” Without incentive to keep up with lecture videos and

homework, most students skipped office hours and quickly fell behind. A useful comparison

can be made to asynchronous Massive Open Online Courses (MOOCs), where typically only

a few highly driven students complete the course since there is little motivation from grades

or interactions with the instructor or peers to watch the lectures or complete assignments or

assessments regularly [271].

Thus, when weekly activities were not graded, students in flipped and asynchronous

online classes struggled to keep up. Students struggled to self-regulate [320] when they did

not encounter collaborative work or an explicit grade incentive. It may be wise for instructors

to ensure that their online classes include a synchronous component, and that students are

incentivized to complete homework including watching of videos, collaborative work, and

other activities during class by assigning a small grade incentive to this work. Of course,

instructors should be flexible with students who are unable to participate in these activities

each week due to challenging situations and grade them using other means.
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13.3 Lab Courses

We asked the students in our interviews to describe both their physics labs as well

as other labs they were taking. One common approach [98] was for instructors to video-

record experiments and have students conduct analysis from the data collected in the video-

recording. While they appreciated the effort that goes into making such videos and the

paucity of alternatives, the students we interviewed were skeptical of this approach, which

they felt served to simplify the labs too much and took away the opportunity to participate

in hands-on science. One student commented, in reference to this approach to doing labs,

that “you don’t really do much work and you don’t do much thinking.”

Another popular approach to doing labs online is to use simulations [98]. Although sim-

ulations also simplify lab-work, reducing instruments to cartoons, they still provide students

opportunities to make decisions and collect their own data. One student commented, “I

really enjoy ... doing all these online simulations. Everything has been so helpful in truly,

truly understanding the material to the best of our ability.”

A smaller number of labs found ways for students to collect their own data, either by

having students pick up apparatus, rotate through labs one at a time when it was possible

to do so, or use household goods as apparatus. While students appreciated the opportunity

to do their own experimentation, none of these approaches worked for everyone. Some had

difficulty tracking down particular supplies. Some students had difficulty setting up and

operating apparatus without in-person support from peers or the instructor. Others found

that without that support, the amount of time they spent troubleshooting their apparatus

ballooned.

Students in our introductory physics labs used a combination of simulations and hands-

on experiments at home using the IOLab system. However, regardless of the type of lab-

work that students conducted, they felt that collaborative work was an essential part of

the lab experience. Students commented that labs that did not include collaborative work

felt incomplete. Reflecting on labs that did include collaboration, one student commented,

“I think collaborative activities with your lab group is very important. I think it’s very

important that we still do them.” Many students also missed the in-person aspect of the
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labs in which they shared the experimentation with other students in a shared space.

13.4 Collaboration and Communication

13.4.1 Community and Studying Outside of Class

Most of the students we heard from via surveys and interviews expressed a desire to

collaborate with one another, both in the classroom and out of the classroom in study

groups, but faced difficulties doing so. When asked about the most negative outcome of

online instruction, the most common response described a lack of community engagement

and group work. This inhibited students from learning from one another, with one student

stating, “I found it difficult to find help because I do not know how to interact with people I

haven’t met or know what they look like”. The lack of collaboration impacted their learning

of the material as well as their motivation. It was harder for students to form natural

connections with their classmates, e.g., with another student, mentioning, “I miss being able

to discuss physics problems and exams with classmates while walking back from class.”

Although it was harder for students to work together during the semester, they found

benefits from collaborating with their peers when they were able. For example when asked

about the most positive part of online classes, one student mentioned that, “working on

physics problems in a group made me enjoy physics more and really helped me learn”.

Since many students weren’t able to work together in-person, they found new ways to help

each other and provide some of the peer support they missed because of online instruction.

Another student stated that one benefit of remote instruction was “having more online

groups for each of my classes where students support and motivate each other”. It could

be valuable in future in-person courses for instructors to provide an online environment in

which students are given tools and formats to support one another.
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13.4.2 Breakout Rooms

Some professors encouraged collaboration in their classes by having the students work

together in video-conference breakout rooms. Students described how the structure and

group composition of breakout rooms played an important role in determining its success,

with some students describing how other members of their group did not participate in

breakout room discussions. One student noted that, “I think over Zoom it did make it a

little difficult because nobody really wants to turn their camera on and talk in general.”

Another student talked about the difficulties of working together over Zoom, stating, “even

in recitation, it was difficult to work on assignments together. We all pretty much did our

own work and barely talked problems out.” Therefore, students ended up working alone on

assignments that were supposed to involve collaboration.

Students also talked about situations in breakout rooms where group work was successful.

Some students mentioned that a grade incentive for group work was an important factor.

For one student in the physics lab, the activities were successful “because the collaborative

activities were mandatory to do and they were graded. So people came to them and worked

on them.” Other students were able to have successful conversations in breakout rooms

if they needed to share an answer with the class when they were done. Structure and

incentivized preparation for breakout sessions seem to have been essential for science courses,

but less important for non-science courses in which students felt they could participate in

conversations even if they hadn’t completed the preparation. One student described breakout

rooms in a world religions class as more talkative and easy to participate in without having

done the class preparation for this reason. Then, since the breakout room had productive

discussions, the instructor required students to share with the class afterward. The student

explained, “we actually have to come up with an answer and then someone has to share it.

I feel like the fear of getting called on and not having an answer prepared makes people talk

a little bit more.”

Another advantage of breakout rooms is that there was no noise from other groups

talking at the same time. Another disadvantage of breakout rooms is that it is difficult for

the instructor to know which group needs “nudging” or help unlike an in-person class where
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it is easy for the instructors to notice the groups that are productively engaged in discussion

and the ones that are not.

Along with a grade incentive, teaching assistants (TAs), undergraduate teaching assis-

tants (UTAs), or undergraduate Learning Assistants (LAs) could play a valuable role in

stimulating small group discussions. One student explained, “I think a big motivator is

when the TA does come around to the breakout rooms for people to speak up.” TAs might

be trained and provided with a ‘script’ of example questions they could ask to help steer

the discussion in a productive way. When they were structured, incentivized, and supported

effectively, students typically reported that breakout rooms were a valuable and productive

aspect of their online learning.

13.4.3 Back Channel Chat

Some instructors were able to use the chat feature in Zoom to provide students with

a back channel to ask questions during class. In some large classes with an assigned TA,

the instructor would task the TA with monitoring the chat, responding to questions when

possible, and flagging some questions for the instructor to answer. It can be challenging for

students to raise their hands and ask questions in class, knowing that by speaking up they

are subjecting themselves to the judgment of their peers. The back channel reduces this fear.

One student noted, “I don’t feel shy to ask questions because I’m not in-person.” However,

in some classes, the back channel became dominated by a small number of personalities, and

some students reported being so engrossed in the discussion on the chat that they were no

longer paying attention to the lecture. Productive uses of the chat as a back channel typically

required the establishment of norms for the use of the chat. When in-person classes resume,

it may be worthwhile exploring how in-person lectures could incorporate recording and back

channels to support student learning. It may be especially valuable to have a TA monitor

the chat, if possible.
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13.4.4 Office Hours and Communication

Most students found that online office hours were easier to attend. In addition to not

needing to walk over to the physics department, some students also appreciated that they

could log in to office hours with their camera off and listen to other students’ questions if they

weren’t yet ready to ask their own questions. However, other students felt that online office

hours were more difficult to attend. For example, one student noted that it was “harder

to ‘pop by’ the office for a quick question.” In some cases, instructors asked students to

contact them to schedule an office hour visit. This approach seemed to deter students from

seeking extra help, as it made the office hour feel more formal and removed the possibility for

students to listen in with their cameras off until they felt comfortable participating actively.

Several students described finding it more difficult to ask questions or get feedback from

their instructors, and difficulty in communicating with their instructors was a common theme

in the survey responses. Some students commented that their instructors didn’t always reply

to their emails. According to one student, “I completely rely on my professors’ validation

and comments to know how well I’m doing in this class. I couldn’t get any of that because I

couldn’t interact with my professors.” Virtual drop-in tutoring (via Discord) was perceived

to be less effective than in-person tutoring had been. Some other students struggled to

understand the structure or requirements of their courses, especially when multiple online

tools were used. One student disliked “checking multiple platforms for assignments and

potentially missing assignments because of it.”

The question of whether students should have their cameras on or off came up frequently

in our interviews and survey responses. While students typically understood that instructors

preferred to lecture to classes that had their cameras on, they also expressed a variety of

reasons why they sometimes preferred to keep their cameras off. These included concerns

about internet bandwidth, appearing on-camera in their pajamas, and other issues related

to attending class from home. However, most students preferred that their peers turn their

cameras on for breakout room discussions, and expressed frustration when their classmates

did not do this. It might be productive for instructors to set clear expectations for camera

usage in their classes, such as strongly recommending but not requiring their use in breakout
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rooms.

13.5 Assessment

Students expressed a wide variety of opinions about assessment in online courses. Some

found online quizzes to be easier, online tests written at home to be less stressful, and

open-note exams to provide a better opportunity to demonstrate their understanding of

physics concepts. Others disliked short, timed quizzes; struggled with scanning and upload-

ing work; and felt that the assessments were more challenging than they had been in-person.

Some students expressed enthusiasm for video-based assessment that either required them

to record short videos in which they solved problems or that involved a short, low-stakes

oral examination via Zoom.

Overall, the students preferred classes that adopted a strategy of frequent, low-stakes

assessments. Frequent assessments provide plenty of feedback, low stakes keep anxiety low,

and the flexibility inherent in frequent low-stakes assessments can be an important affordance

for students. By decreasing anxiety, frequent low-stakes assessments may make introductory

STEM courses more equitable [16, 57].

One physics instructor implemented a group portion to the exams in their class [150, 307].

In this two-stage group exam, students worked in groups of four on typical physics problems.

Then, the next class, the students individually wrote responses to questions that asked about

the strategies and physics concepts they used to solve the problems. The instructor’s goal

was to provide students with an opportunity to collaborate with peers during the assessment,

while still providing a measure of individual accountability, as a way to decrease the pressure

students might feel to engage in academic misconduct during assessments. One student

shared their experience with the two-stage group exams, stating, “I felt that working with

my group was rather enjoyable and it helped ease some stress I had had about physics in the

past.” Other instructors divided the total points across the semester so that even though

the final week’s assessment was cumulative, it was not worth as many points as it typically

is. Students generally appreciated this approach, in which one exam did not count for too
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much of their grade. Instructors should consider some of these approaches in their in-person

classes as well.

13.6 Discussion and Conclusion

The fall 2020 semester was the first time that many experienced instructors planned and

delivered online instruction. Therefore, it is useful to reflect on the lessons we learned during

this semester in order to improve how we design and conduct online classes in the future.

In this chapter, we summarized student perceptions related to online lecture classes,

active learning classes, labs, collaboration and communication, and assessment. Students

described both positive and negative aspects of lecture-based classes, including the benefits

of re-watching lectures as well as decreased focus and motivation. Flipped classes that in-

cluded a low-stakes grade incentive for weekly activities and synchronous work were effective,

while those without grade incentive were not. A variety of approaches to lab-work were de-

scribed by our students, with the importance of opportunities to collaborate being especially

important. Breakout rooms, chat, and office hours were viewed as being potentially valuable,

although there was always a need for instructors to be mindful about structure and norms

to make them effective. Assessment strategies that included frequent, flexible, low-stakes

assessments were preferred by students.

One further issue that came up frequently in survey responses and interviews was the

instructors’ tech savvy. Many instructors were applauded for introducing new digital tools

or, even better, for using standard online tools effectively. In some cases, however, students

felt that considerable instructional time was lost by instructors who struggled with their

technology. Considering how the instructors learned to use these tools in a short time, some

difficulty with technology usage was inevitable.

We encourage instructors to attend to students’ perceptions about online learning when

designing learning for future online classes.
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14.0 Future Directions

I am hopeful that the results and conclusions presented in previous chapters may prove

useful for instructors who are interested in improving equity and inclusion in their intro-

ductory physics labs. However, while I have addressed mechanisms in the lab that may be

responsible for inequities, more work is needed.

There is a need for the development and evaluation of lab curricula that fully incorporate

the principles described in previous chapters, as well as those studied and reported elsewhere.

While I propose that seeking to reduce the impact of gendered task division, for example,

could have positive impacts for all students, it is not yet clear that this works in practice.

Since much of this analysis has focused on the issue of gender inequity, there is the need

to consider how inequities in the lab can lead to barriers to inclusion for other aspects of

identity. Chapter 6 touched briefly on race/ethnicity, with results suggesting what happens

with gender may not happen with race/ethnicity due to, among other things, the masculine

nature of physics. Non-visible aspects of identity such as sexuality, ability status, and class

may also be important factors, and might be important to consider in future analyses.

The analyses reported here come from one research-focused university, in which students

from historically underrepresented minority groups in physics are minorities in the student

population. It is not clear which of the dynamics and mechanisms reported in previous

chapters would remain relevant at universities in other parts of the U.S.A. or elsewhere in

the world, at two-year colleges or liberal arts colleges, at historically Black colleges and

universities or at Hispanic-serving institutions or at traditional women’s colleges.

While there is work still to do, I am hopeful that research-informed transformations can

improve equity in introductory physics labs, removing barriers and improving inclusion in

the discipline of physics for coming generations.
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