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[This paper is part of the Focused Collection on Instructional labs: Improving traditions and new
directions.] In this paper, we describe the results of a research project whose goals were to (1) develop
and implement video-based experimental investigations using the Investigative Science Learning
Environment (ISLE) approach and (2) study how students who engage with video experiments
develop scientific abilities and learn physics ideas in comparison to students who do the same
investigations using physical apparatus. We developed six parallel ISLE-based investigations for the
students to engage in, either with apparatus or with video arrays created in the Pivot platform. We
found that substituting 30% of the apparatus-based activities with video-based activities did not affect
student development of conceptual physics knowledge. On the other hand, the development of certain
scientific abilities was significantly affected by whether students experimented with physical apparatus
or used video experiments.
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I. INTRODUCTION

In this paper, we describe the results of a research project
whose goals were to (1) develop and implement video-
based experimental investigations using the Investigative
Science Learning Environment (ISLE) approach [1] and
(2) study how students who engage with video-based
experiments develop scientific abilities and learn physics
ideas in comparison to students who do similar investiga-
tions using physical apparatus.

A. Background

Research in the use of computer-based technology to
help students learn physics is extensive, stretching back to
microcomputer-based-laboratories [2].We cannot hope to do
it justice in this paper and will only provide a few touchstone
examples. Studies have investigated comparisons between
students working with real equipment and physics simula-
tions. Finkelstein et al. showed that students who learned
dc circuits through PhET simulations were better able to
build and analyze real circuits than those who learned dc
circuits with physical apparatus [3]. Stelzer et al. showed
that students learn physics concepts better and retain their
knowledge longer from a well-designed video presenta-
tion (designed according to the principles of multimedia
learning [4]) compared to students who read a text of the
presentation or students who read the textbook [5]. Without
delving too much further into the topic, there is ample
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evidence that computer-based technologies with simula-
tions and videos can help students both learn normative
physics ideas and some practical experimental skills and
knowledge.

B. The educational value of physics laboratories

To understand the motivation of our present study, we
need to narrow our focus and ask: What is the pedagogical
value of having students engage in experimentation in the
physics laboratory? Holmes et al. showed that students
who engaged in traditional labs did not receive any
advantage in the development of normative physics knowl-
edge compared to students who did not do labs at all [6].
Complementary to that research, Etkina et al. compared the
exam performance of two groups of students: Those who
engaged in traditional “cookbook” labs where they were
told what to do and what to measure versus students who
were guided to design an experiment to achieve certain
epistemic goals but were not told what to do or what to
measure (“design labs”). They found that students who
engaged in design labs spent a great portion of their time
struggling with the experiments and reflecting on the
process of construction of knowledge through special
reflection activities. Despite all the time spent on design
and reflection, they did as well on exam problems as the
students who performed “cookbook” experiments and
instead of reflection, spent the time that was saved solving
additional physics problems [7].
One possible benefit of physics lab lies in the growth

of students’ abilities to think and reason like a physicist.
These scientific abilities are fully explored in Ref. [8] and
explained in more detail in Sec. II B below. Over the years
Etkina et al. conducted a set of studies of the labs that were
an integral component of courses that used the ISLE
approach. They found that students who engaged in
experimental design, structured around scientific abilities
rubrics [8], learned to engage in scientific practices. (An
example of such a design lab is described in Sec. II B.) By
the end of one semester, about 80% of them were able to
distinguish between hypotheses and predictions, identify
and evaluate experimental uncertainty, identify relevant
assumptions in predicting the outcome of testing experi-
ments, and were able to compare the results of two
independent experiments aimed to determine the same
physical quantity [9]. Students were able to apply these
abilities significantly better when given a transfer task than
students who did traditional lab experiments guided by
precise instructions about what to do [7].

C. The affordances and constraints
of video-based experimentation

As the focus of the ISLE approach is on students doing
physics as they are learning normative concepts, our goal is
to investigate the affordances and constraints of student
participation in authentic scientific practices when they

work with video experiments as opposed to real equipment
in an ISLE setting. The affordances of video-based exper-
imentation could provide many advantages over experi-
mentation with physical equipment:

1. If funding is scarce, students can do experiments
without expensive equipment and without being
physically present in a lab.

2. Video experiments present observational data with
high accuracy and precision. This can reduce the
cognitive load for students trying to identify patterns
in those data. In addition, all groups work with the
same experimental setup, and this setup has no issues
(whichmight happenwith physical apparatus). There-
fore, students can spend more time figuring out a
functional relation betweenvariables or pondering the
assumptions that are implicit in a model (we found
that students struggle the most with assumptions
in Ref. [9].)

3. Video-based experiments allow students to play
them frame by frame, rewind to see if they missed
anything, and work with phenomena that occur too
quickly in real life [10].

However, videos may come with certain constraints:
1. If the video-based labs lack tools for students to work

collaboratively in the online environment, students
may endupworking in greater isolation and lose some
of the benefits of social interactions [11].

2. Students are not able to manipulate the equipment,
which was found to be an important aspect of human
cognition [12,13].

3. There is a possibility that videos may reduce or
remove some of the variability of data collected from
physical apparatus. Consequently, students may have
fewer opportunities to learn about random experi-
mental uncertainties.Video-based lab developersmay
need to pay special attention to the design of such labs
to make sure that experimental noise is built into the
environment.

D. Research questions

Narrowing our view to the value of physics labs in terms of
students’ development of scientific abilities, all the studies
described above were conducted in labs where students
manipulated physical apparatus. While research shows that
using video experiments helps students learn how to develop
and “break” models [14], there are no studies comparing
different aspects of students’ development of scientific
abilities when they design their own experiments using
physical apparatus versus working with videoed experi-
ments. The work reported in this paper is the first attempt to
investigate the differences in student learning with physical
equipment or with videoed experiments in design labs that
are integrated into a holistic learning environment [15].
In our current research project, we wanted to know: Is it

possible to replicate student development of scientific
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abilities using video experiments instead of ones using
apparatus? If we replace physical equipment with video
experiments, is it possible to recreate similar cognitive
conditions (where students make decisions about what
experiment to conduct and what data to collect, etc.) as in
our prior research; conditions that have been shown to lead
to the development of scientific abilities? And if it is
possible, how does this replacement affect students’ devel-
opment of scientific abilities and student learning of
normative physics ideas? While these were purely research
questions before the beginning of the COVID pandemic,
now these are questions that every teacher may be asking.
How effective is student learning when they cannot
manipulate physical apparatus? What are students gaining?
What are they losing?
We set out to answer the following two research

questions:
1. What are the differences in how students develop

scientific abilities when experimenting with videos
versus apparatus in ISLE-based labs?

2. How does experimenting with video affect student
learning of normative physics concepts in an ISLE-
based course such as (for example) Newton’s second
and third laws as compared to students who learn the
same physics ideas by experimenting with ap-
paratus?

Below, we describe in detail the epistemic structure of
the ISLE approach and the role of experimentation in this
approach [16,17]. The epistemic structure and the guided
inquiry of the experimentation process are, we believe, how
the ISLE approach fosters the growth of students’ abilities
to reason like a scientist. This will illustrate the challenge of
how to replace an apparatus-based lab with videos while
still allowing students to make the kinds of decisions about
what to measure, what data to collect, and how to analyze it.
These features are the hallmark of the ISLE approach and
how it fosters scientific reasoning abilities.

II. THE ISLE APPROACH TOLEARNING PHYSICS

A. Summary

One of the major goals of the ISLE approach is that
students learn physics by engaging in processes that mirror
the activities of physicists constructing and applying
knowledge [18]. Based on the history of physics and
observations of practicing physicists, the creators of the
ISLE approach identified those activities and they became
an integral part of students’ learning. In ISLE, all experi-
ments that students encounter in a course are grouped into
three big categories: observational experiments (students
collect, analyze data, and propose models or relations,
hypotheses), testing experiments (students use proposed
models, relations, or hypotheses to make predictions about
their outcomes), and application experiments (students
combine several tested models or relations to solve a

practical problem or determine an unknown physical
quantity). While engaging in epistemologically authentic
scientific investigations [19] centered on the experimental
activities described above, students develop scientific
habits of mind or scientific abilities [8]. To develop the
normative concepts of physics as their own ideas, ISLE
students repeatedly go through the steps that mimic
scientific exploration. They:

1. Observe and describe physical phenomena in care-
fully chosen, simple observational experiments and
identify patterns in collected data. Or students can
design their own experiments to investigate a spe-
cific phenomenon,

2. Develop multiple models or explanations for these
patterns,

3. Design new testing experiments whose outcomes
they can predict using these models or explanations,

4. Compare the outcomes of the testing experiments
with the predictions,

5. Revise the models or explanation if necessary,
examine assumptions, or go back to collect more
observational data,

6. Design application experiments to apply tested and
not-ruled-out models or explanations for practical
purposes (build devices, determine the values of
physical quantities, etc.)

7. Work in groups of 3–4, use small whiteboards, and
then share their findings in a whole class discussion,

8. Use representations other than algebra or calculus to
analyze data and make predictions.

After they have explored and analyzed the phenomenon,
students read the textbook and compare the ideas that they
have constructed on their own with the ideas presented in
the book. The combination of these features applies to
every conceptual unit in the ISLE approach to learning
physics (such as Newton’s laws or circular motion,
etc.) [18].

B. The role of experimentation in the ISLE approach

In the ISLE approach, the three types of experiments—
observational, testing, and application, serve as the back-
bone of student learning. These three types of experiments
[16] and the epistemic role that they play is one of the
features that distinguish the ISLE approach from other
curricular approaches that emphasize the process of doing
physics. ISLE-based labs are not an add-on to the “lecture
course” but an integral part of how students learn physics
through the ISLE approach. Therefore, these labs are not
only different from traditional labs in which students follow
direct instructions but from other types of reformed labs
such as structured quantitative inquiry labs [20] and
Maryland Scientific community labs [21]. Research on
ISLE-approach labs can be found in many publications
[7,9,22–26]. Laboratories that follow the ISLE approach
typically share the following features:
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1. In the ISLE approach, labs are not a separate course
but an integral part of physics learning. It is in the
labs that students encounter new phenomena which
they learn to explain in other parts of the course and
later test those explanations back in the labs. All
students in the course do the same lab during the
same week.

2. All experiments that students design and perform are
grouped into three big categories according to their
epistemic goals, as described above [16].

3. In ISLE-approach labs, students design their own
experiments being guided by questions that prompt
them what to think about, not what to do [22].

4. When designing, performing, and describing the
results of the experiments, the students use scientific
abilities rubrics [8] to guide and improve their work.

The instructors use the same rubrics to provide
feedback to the students and grade their sub-
missions.

In Fig. 1, we show an example of one of the experiments
that the students do in ISLE-based labs. Here we describe
how scientific abilities rubrics are used in that lab to help
students write their lab reports and how the same rubrics
help instructors assess student work. The lab is done after
students have completed an activity in class constructing a
hand rule for the direction of the magnetic force exerted on
a current-carrying wire. In the lab, they need to test the new
rule by (a) designing experiments, (b) making predictions
of experimental outcomes using the hypothesis under test,
and (c) forming a conclusion based on the outcome of the
experiment. To help them design, conduct, and report on
the experiments, they are provided with self-assessment

TESTING EXPERIMENT: DIRECTION OF THE FORCE EXERTED BY THE MAGNETIC FIELD ON A WIRE
Available equipment: A horseshoe magnet whose poles are known (Red: North, White: South), a scale, an assortment of rigid wires
(mounted on plastic backings. They look a bit like slides.), a voltage source, multimeter, connecting wires, ring stand, meter stick,
PASCO current balance.
Think of how you can use this equipment to test the right-hand rule for the direction of the force exerted by the magnetic field on a
current carrying wire. Hint: What physical quantities can you determine using the scale?

a. First, recall the right-hand rule for the magnetic force exerted by the magnetic field on a current carrying wire. Write what
quantities it relates and describe the rule with a picture and using words. Consider the available equipment and how you could
use it to achieve the goal of the experiment. Brainstorm and write down your potential experiments. Think ahead about what
you will measure and how you will measure it.

b. Describe the experimental procedures you have chosen. The description should contain a labeled sketch of your experimental
setup, an outline of what you plan to do, what you will measure, and how you will measure it. Explain in detail how you will
experimentally measure the direction of the force exerted by the magnetic field on the wire. Hint: The reasoning here is more
complicated than it seems at first. Use force diagram(s) and Newton’s second and third laws to help.

c. Use the hypothesis you are testing to make qualitative predictions for the reading of the scale (more than some value, less than
some value) for every experiment that you plan to run. Show the reasoning used to make the prediction with force diagrams.
Call your TA over once you have done this but before you turn on the current.

d. Perform the experiments and record the outcomes.
e. Did the outcomes match your prediction? If not, list possible reasons.
f. Based on your prediction and the experimental outcome, make a judgment about the right-hand rule you developed previously.

RUBRICS
RUBRIC A: Ability to represent information in multiple ways

Scientific Ability Missing Inadequate Needs some improvement Adequate
Is able to construct a
force diagram. (A5)

No representation is
constructed.

Force diagram is constructed but con-
tains major errors such as the forces not
relating to any interactions, mislabeled
or not labeled force vectors, length of
vectors, wrong direction, extra incor-
rect vectors are added, or vectors are
missing.

Force diagram contains no errors in vec-
tors but lacks a key feature such as labels
of forces with two subscripts or vectors
are not drawn from single point or axes
are missing.

The diagram contains no
errors and each force is
labeled so that it is clearly
understood what each
force represents.

RUBRIC C: Ability to design and conduct a testing experiment (testing an idea/hypothesis/explanation or mathematical relation)
Is able to distinguish
between a hypothesis
and a prediction. (C3)

No prediction is
made. The experi-
ment is not treated as
a testing experiment.

A prediction is made but it is iden-
tical to the hypothesis.

A prediction is made and is distinct from
the hypothesis but does not describe the
outcome of the designed experiment.

A prediction is made, is
distinct from the hypoth-
esis, and describes the
outcome of the designed
experiment

Is able to make a
reasonable prediction
based on a hypothesis.
(C4)

No attempt to make a
prediction is made.

A prediction is made that is distinct from
the hypothesis but is not based on it.

A prediction is made that follows from
the hypothesis but does not incorporate
assumptions.

A correct prediction is
made that follows from
the hypothesis and incor-
porates assumptions.

Is able to make a
reasonable judgment
about the hypothesis.
(C8)

No judgment is made
about the hypothesis.

A judgment is made but is not consistent
with the outcome of the experiment.

A judgment is made and is consistent
with the outcome of the experiment but
assumptions are not taken into account.

A reasonable judgment is
made and assumptions are
taken into account.

FIG. 1. Example of an ISLE lab testing experiment.
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scientific abilities rubrics that contain descriptors of differ-
ent levels of achievement [8]. There are seven rubrics that
help students in all activities. Those are multiple repre-
sentations rubric, observational experiment rubric, testing
experiment rubric, application experiment rubric, data
collection and analysis rubric, evaluation rubric, and
communication rubric. Each rubric has multiple rows that
describe different aspects of the assessed ability. We call
these rows “rubric items.” There are all together over 40
rubric items that help students with various aspects of
different types of experiments and multiple representations,
but for one lab experiment, we usually use only 3–5 of
those rubric items not to overwhelm students and to focus
on the most important aspects of the particular investiga-
tion. These rubric items are embedded in the handout that
students receive (see Fig. 1).
The reader can see from the example in Fig. 1 that

students need to design their own experiments, conduct an
analysis that will allow them to make the predictions, run
the experiment, collect and analyze data, and develop their
own judgment. The chosen rubric items help them figure
out how to use the scale to infer the value of the magnetic
force and how to reason about collected data. The reader
can see from the numbers of the rubrics items that there are
more items in the multiple representations rubric but they
are not relevant as the students do not use motion diagrams,
ray diagrams, and other representations mentioned in rubric
A. In the testing experiment rubric C, there are also more
items but they are not relevant to the task that students are
engaging in. It is also important to understand that scientific
abilities rubrics can be used both as a formative assessment
tool, scaffolding students’ writing and providing them
with feedback, and as a research tool to assess students’
development of scientific abilities as described in Ref. [9].

III. DESCRIPTION OF THE STUDY

A. ISLE-approach labs using apparatus or videos

In 2017–2018, the team of authors developed six ISLE-
approach experimental sequences using a cloud-based
platform called Pivot Interactives described in Ref. [27].
Pivot Interactives contains arrays of videos, where all the
videos in a set show the same scenario occurring, but each
video has a unique set of experimental parameters (like
mass, angular speed, spring constant, trial number, etc.).
This enables students to select the experimental conditions
they would like to investigate. Supporting questions in
the Pivot platform help students analyze and interpret the
data that they collect from the videos. The platform has
interactive measurement tools that allow students to make
decisions about how, what, and when to measure. These
choices make video experimentation in Pivot as close as
possible to ISLE-approach experimentation with apparatus
where students have to engage in experimental design as
elaborated in Sec. II B. While in the video-based labs, the

students cannot design an original experiment, they can
vary the physical quantities involved (as if they are
collecting data in observational experiments), predict
experimental outcomes (as if they are conducting testing
experiments), and compare the results of two independent
experiments when measuring a physical quantity (as if they
are doing application experiments). The experimental
sequences (observational, testing, and application experi-
ments) developed for this project are Newton’s second law,
Newton’s third law, circular motion, momentum conserva-
tion, vibrational motion, and wave motion. These sequen-
ces are accompanied by supporting questions based on the
ISLE approach. We called these sequences vISLEs, for
video-based ISLEs, and are available for free at Ref. [28].

B. Experiment design, setting, and participants

In the present study, we investigated student learning
in a medium-size (about 90 students) algebra-based intro-
ductory mechanics course at a public four-year university
in Northern California. The course followed the ISLE
approach in all aspects and lab activities were fully
integrated into the course. Our study consisted of matched
apparatus-based and video-based activities used in five lab
sessions. We will call the labs where students use ISLE-
based activities involving physical equipment, “apparatus-
based labs” and the labs where the students use vISLE
activities, “video-based labs.”
The experiment was repeated over two semesters: Fall

2018 and Spring 2019. In Fall 2018, there were 86 students
in the course and there were 93 in Spring 2019. It is
important to note that the university is located in the area
where fires are common and in Fall 2018, many families of
the students in the course were affected by a large fire that
destroyed a nearby town.
Each week there were two 75-min large-room meetings

where all students in the course worked collaboratively in
groups of 4 using a whiteboard while the instructor and
learning assistants circulated around the room, helping
students. In addition to large-room meetings, the students
attended 170-min lab meetings with approximately 24
students in each lab section. Lab sections (total of 4)
met in between the large-room meetings. The groups of
four students were kept the same throughout the semester.
There were 15 lab meetings during the semester. Five lab
meetings implemented our experimental intervention of
equivalent experiments using either apparatus or video. The
other ten labs used apparatus as usual and were the same for
all four lab sections. One section (section 1) only did
apparatus-based labs (AAAAA), and one section (section 4)
did video-based labs (VVVVV) during the 5 weeks of the
experiment. The other two sections (2 and 3) represented a
counterbalanced condition of two apparatus-based fol-
lowed by three video-based labs (AAVVV) (section 2),
or two video-based ones followed by three apparatus-based
labs (VVAAA) (section 3). The assignment of the sections
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to the different conditions was random; we renumbered
them to a sequential order in reporting our results to lessen
the reader’s cognitive load. Lab assignments for different
groups and the schedule of labs are shown in Tables I and
II. Note that all but one section was taught by the same
instructor, the leader of this project. One section (No. 1, in
which students only did apparatus labs in the Fall of 2018)
was taught by a different instructor who was also skilled in
the ISLE approach.
In each lab, there were two or three different experi-

ments; each of them was framed in a way that the students
could engage in the same activities and thought processes
whether they had physical apparatus or arrays of videos.
The wording of the student handout in both versions was
identical except for references to the video. The only
exception was the circular motion lab, where it was not
possible to create an equivalent quantitative observational
experiment for the apparatus-based version. The apparatus
condition did a different activity for the observational
experiment compared with the video-based lab. See
Ref. [39] for a comparison of an apparatus-based lab
and equivalent video-based lab.
The students in the apparatus-based labs needed to create

a lab report that address the guiding questions in their
handouts while the students in the video-based labs entered
their responses to the same guiding questions into text
boxes. The students worked in groups of 4 and submitted
their reports in pairs. The lab reports for apparatus-based
labs were submitted via Google Drive and the lab reports
for the video labs were submitted via the Pivot Interactives

system. The instructor provided feedback to both groups in
the margins of the submitted documents.

IV. DATA COLLECTION AND ANALYSIS

A. Summary

We collected the following data for this study:
• Student lab reports for two semesters, see Table III (a
total of 242 group lab reports).

• Student exam work (total of 86 in the Fall of 2018 and
93 in the Spring of 2019 individual exams).

B. Lab reports

We collected lab reports from multiple lab activities
across all sections and from both semesters of the experi-
ment. For research purposes, gathered lab reports were
scored using scientific abilities rubric items appropriate to
each experiment [8]. Two scorers worked on scoring lab
reports. One person was an expert, who coauthored
numerous papers describing the use of rubrics for research
and the other one was a specially trained scorer for this
project. After the second scorer was trained in the use of the
rubrics, they scored together about 10% of the reports for
each experiment. They compared the scores and discussed
the discrepancies, finding the reason for the discrepancy
and arriving at a common score after discussion. Then each
scored the rest of the lab reports and calculated the
interrater reliability of Cohen’s kappa which were all above
0.6 (for some rubrics > 0.8). This indicates moderate
to substantial agreement. Lab report scores were then

TABLE I. Summary of intervention for both Fall 2018 and Spring 2019.

Section 1 Section 2 Section 3 Section 4

Week 5: Newton’s second and third laws Apparatus Apparatus Video Video
Week 7: Circular motion Apparatus Apparatus Video Video
Week 9: Momentum Apparatus Video Apparatus Video
Week 13: Vibrational motion Apparatus Video Apparatus Video
Week 15: Mechanical waves Apparatus Video Apparatus Video

TABLE II. Schedule of experimental intervention: ISLE-based apparatus and vISLE activities used in the study.

Week 5: Newton’s second laws Experiment 1: Observational experiments: Exploring the relationship between acceleration, mass,
and force [29].

Experiment 2: Observe and find a pattern (two scales) [30].
Experiment 3: Testing Experiments: Interactions between different objects during collisions [31].

Week 7: Circular motion Experiment 1: Observational experiment: Exploring circular motion [32].
Experiment 2: Testing experiment: Circular motion [33].

Week 9: Momentum Experiment 1: Devise a new physical quantity. Observational experiments [34].
Experiment 2: Testing whether the physical quantity is constant for a new isolated system [35].

Week 13: Vibrational motion Experiment 1: Testing experiment: Testing the mathematical relation you derived for ω [36].
Experiment 2: Application experiment: Measure the spring constant of a spring two different
ways [37].

Week 15: Mechanical waves Experiment 1: Observational Experiment: Exploring Properties of Transverse Mechanical
Waves [38].
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combined according to the type of experiment (observa-
tional, testing, and application). These combined scores
were used to compare students’ development of scientific
abilities between apparatus-based and video-based labs.

C. Exam questions

Across the two semesters, we embedded specific exam
questions that were designed to assess both students’ con-
ceptual understanding of ideas related to topics they encoun-
tered in lab activities that were part of the experimental

intervention; and their scientific reasoning abilities. In
particular, in both Fall and Spring semesters, we embedded

1. A question unrelated to the topics of the inter-
vention (an energy question) focused entirely on
representational knowledge in the context of energy.
This question targeted scientific abilities and physics
topics unrelated to the types of scientific abilities and
topics involved in the intervention labs. This pro-
vided a covariate for the data analysis if it turned
out that there were large discrepancies between the

TABLE III. Summary of lab reports data gathered across 2 semesters.

Observational experiment No. Testing experiment No. Application experiment No. Total no.

Apparatus Fall 2018, waves 21 Fall 2018, circular motion 23 Fall 2018, vibrations 22
Spring 2019, waves 22 Fall 2018, vibrations 22 Spring 2019 vibrations 11

Total 43 Total 45 Total 33 121

vISLE Fall 2018, circular motion 22 Fall 2018, vibrations 18 Fall 2018, vibrations 18
Fall 2018, waves 19 Spring 2019 vibrations 22

Spring 2019, waves 22

Total 63 Total 18 Total 40 121

TABLE IV. Rubric for research-based scoring of student responses to the pendulum question. Note that the student had to explicitly
meet the criteria described in the right-most box to achieve a maximum score on that particular rubric item.

0 1 2 3

Data analysis
No analysis done or does
inappropriate things like
averaging across trials for
different degrees.

Finds 6 distinct averages but
doesn’t find uncertainties in
each trial. Or makes a Tavg
versus θ plot without error
bars.

Finds 6 averages and calculates
uncertainties but
uncertainties are calculated
incorrectly (e.g., assumed
instrumental rather than
random spread)

Finds averages and correctly
calculates uncertainties
properly and/or plots with
error bars. Full credit is
earned if the spread is halved.

Judgment
No judgment. OR, ONLY refers
to period formula rather than
data in making judgment OR,
inconsistent judgment where
conclusion directly
contradicts their calculated
confidence interval(s) or uses
fake evidence.

Consistent judgment—
concludes yes/no there is/is
not a trend, consistent with
calculated uncertainties
without actually talking
explicitly about those
uncertainties, or talks about
them in a super vague, hand-
wavey kind of way. OR,
concludes there IS a trend
without any uncertainties
calculated.

Consistent judgment—
concludes yes/no there is/ is
not a trend with reference to
the confidence interval, but
does so in a selective way,
e.g., looking at 10° versus 20°
while ignoring 40°, 50°, and
60° or vice versa.

Consistent judgment—
concludes yes/no there is/ is
not a trend with explicit
reference to confidence
intervals across the entire
dataset.

Communication
No explanation Explanation takes effort to

comprehend or is clear but is
not consistent with the data
analysis.

Explanation is easy to
comprehend: Explain how
they calculated uncertainties.
Even if the judgment is
incorrect, it is clear how they
arrived at it and it is
consistent with the data
analysis.
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different lab sections. The questions used in Fall 2018
(Fig. 7) and Spring 2019 (Fig. 8) are in the Appendix.

2. A question that examined students’ ability to explain
Newton’s second and third laws and make a clear
distinction between the role of the two in the
Newtonian model of the physical world. The two
questions (Figs. 9 and 10) are in the Appendix.

3. A question that presented students with a set of data of
pendulum periods for different angles of swing. This
question required students to analyze a dataset,
calculate experimental uncertainties, and draw a
conclusion from the data. The question (Fig. 11)
was identical in both semesters and can be found
in the Appendix.

All of these questions were scored on rubrics designed
by the research team. We designed the rubrics based on a
survey of students’ responses, discussing what sorts of
thematic elements we observed and what constituted an
adequate answer to the question. The rubrics for the
pendulum question and for the energy question are shown
in Tables IV and V. The rubrics were used for research
purposes, not for student feedback.

V. FINDINGS

A. Lab reports

Below, we present the findings from scoring students’
lab reports using scientific abilities rubrics [40] (see

TABLE V. Rubric for research-based scoring of student responses to the energy question. Note: The student had to be explicit to
receive a score of 2. To be explicit the answer had to include details indicating they understand if there is K and Ug, then system objects
must still be moving and have not reached the zero gravitational potential energy.

0 1 2

System and objects
No mention of objects and/or system. Or
objects/system are inconsistent w/ bar
chart.

Objects and system are identified, but
with minor inconsistencies (e.g., earth
omitted when talking about Ug).

Objects and the system identified (what
objects are in the system and what
objects are not in the system). Earth
explicitly included in the system.

States
No mention of initial and final states or
both states are vaguely and/or
inconsistently identified.

Identifies 1 state clearly and consistently,
but not the other is vague and/or
inconsistent.

Identifies both states clearly and
consistently. Each object’s position and
movement must be clearly specified.

Process
No process mentioned or completely
inconsistent with the bar chart.

Process partially consistent, some
changes accounted for, but some
omitted. (E.g., poor accounting for
ΔUint).

Process consistent with the bar chart, all
changes accounted for in the
description.

TABLE VI. Rubric items used for the analysis of observational experiment reports.

Ability Missing (0) Inadequate (1) Needs improvement (2) Adequate (3)

Is able to identify a
pattern in the data (B7)

No attempt is made to
search for a pattern

The pattern described is
irrelevant or
inconsistent with the
data

The pattern has minor
errors or omissions.
Terms proportional are
used without clarity: is
the proportionality
linear, quadratic, etc.

The pattern represents the
relevant trend in the
data. When possible,
the trend is described
in words.

Is able to represent data
graphically (A11)

No graph is present A graph is present but the
axes are not labeled.
There is no scale on the
axes. The data points
are connected.

The graph is present and
axes are labeled but the
axes do not correspond
to the independent and
dependent variable or
the scale is not
accurate. The data
points are not
connected but there is
no trendline.

The graph has correctly
labeled axes,
independent variable is
along the horizontal
axis, and the scale is
accurate. The trendline
is correct.
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Table III for the types of experiments used in the study).
The results of the comparisons of different conditions
(apparatus or video) are reported in Fig. 2. We follow
with a detailed analysis of rubric scores. The analysis will
help the reader better understand comparisons in Fig. 2.
Our data do not reflect the changes over a time period but
represent cumulative averages for all lab pairs that partici-
pated in the study.

1. Observational experiments

We used the following rubrics for the observational
experiments and data analysis (see Table VI).

From Fig. 2, we see that the apparatus group did
significantly better at finding a pattern. Their scores are
distributed evenly across the scale while in the video group,
70% of the students scored inadequately for finding a
pattern in the data. The video group was significantly better
at representing data graphically. Bar graphs of the score
distributions of the two groups for rubric items B7 and A11
are shown in Fig. 3.

2. Testing experiments

The scores of the reports of the testing experiments
show that the groups were significantly different in
identifying assumptions (C5) and when making a
judgment about the hypothesis under test (C8). We
present the rubric items for those abilities (Table VII)
and bar graphs showing the distributions of students’
responses (Fig. 4).
Figure 4 shows why the two groups are different in

identifying assumptions. It looks like the majority of the
apparatus group did not do it at all. Concerning making
a judgment, we see that half of the students in both
groups did not write anything about their judgment.
While there were many more reports in the apparatus
group that received the score “needs improvement,” and
almost none in the “inadequate” category, only video
students received “adequate” scores.

Scientific ability p Who did better? Statistical test N Number of labs analyzed
Rubric B: Ability to design and conduct an observational experiment

Ability to identify patterns in data (B7) 0.0003 Apparatus F-Ha 67 2 (Waves, fall and spring.)
Quality of graphical plots (A11) < 0.0001 Video F-Ha 46 1 (Newton’s second law, fall.)

Rubric C: Ability to design and conduct a testing experiment
Design a testing experiment (C2) 0.45 Not significant F-Ha 40 1 (Vibrations testing experiment, fall)
Make a prediction based on a hypothesis (C4) 0.04 Unclearb F-Ha 40 1 (Vibrations testing experiment, fall)
Identify assumptions (C5) 0.0006 Video F-Ha 40 1 (Vibrations testing experiment, fall)
Decide if outcome matches prediction (C7) 0.07 Not significant F-Ha 40 1 (Vibrations testing experiment, fall)
Make a judgment about hypothesis (C8) 0.02 Unclearb F-Ha 40 1 (Vibrations testing experiment, fall)

Rubric D: Ability to design and conduct an application experiment
H-FtnacfiingistoN72.0)2D(ngisedlatnemirepxE a 73 2 (Spring constant, fall & spring)
H-FtnacfiingistoN83.0)4D(tnemgdujaekaM a 73 2 (Spring constant, fall & spring)

Evaluate results w/ second method (D5) 0.02 Video F-Ha 73 2 (Spring constant, fall & spring)
Use mathematical procedure (D7) 0.04 Unclearb F-Ha 73 2 (Spring constant, fall & spring)
Identify assumptions (D8) 0.0003 Video F-Ha 73 2 (Spring constant, fall & spring)

Rubric G: Ability to analyze data
Identify sources of uncertainty (G1) 0.007 Apparatus Chi sq. 242 6 labs combined data, fall & spring
Evaluate uncertainties (G2) 0.0002 Apparatus F-Ha 242 6 labs combined data, fall & spring
Minimize uncertainties (G3) < 0.0001 Apparatus F-Ha 242 6 labs combined data, fall & spring
Record data appropriately (G4) 0.26 Not significant Chi sq. 242 6 labs combined data, fall & spring
Analyze data appropriately (G5) < 0.0001 Apparatus Chi sq. 242 6 labs combined data, fall & spring
a The Freeman-Halton extension of the Fisher exact test for a 2 × 4 contingency table is necessary when cells have less than 5 data points,
violating one of the key assumptions of the chi-squared test.
b Some results are statistically significant on a chi-squared or Freeman-Halton test. However, these tests test whether two distributions are
different from each other, not whether two averages are different from each other. In these cases the score distributions were significantly
different, but the average scores were fairly close.

FIG. 2. Results and comparisons across conditions of scoring scientific abilities rubrics to compare two conditions.

FIG. 3. Comparing abilities involved in designing and con-
ducting an observational experiment. Rubric items B7 and A11.
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3. Application experiments

The same situation repeats when the students conduct
application experiments. On one of the rubric items, the
apparatus group is significantly better on another, the
video group. The rubrics for which we found significant
differences assess students’ ability to evaluate the
results using a second method and to devise a math-
ematical procedure to solve the problem (Table VIII).
Scoring the reports for the ability to identify assump-
tions in the mathematical procedure shows a significant
difference but the picture is unclear, we need to
examine the bar graphs (Fig. 5) to understand what
is going on.
Figure 5 shows that students in the video group were

more successful at designing an independent experi-
ment to determine the same quantity. However, we need
to remind the reader that in the video condition, the
second experiment was designed and videoed for the
students, while for the apparatus condition, the students
needed to design and conduct the experiment them-
selves. It is possible that they could not come up with a
second design, skipped over it, or ran out of time
describing it in their reports. The data for the math-
ematical procedure slightly favor the apparatus group.

We see from the graphs that the apparatus group is
worse at identifying assumptions in the mathematical
procedure. Most of the students did not identify
assumptions at all. In contrast, the majority of the
video group attempted to identify assumptions, but
those assumptions were irrelevant or incorrect. This
difference might be a result of the fact that the video
group had text boxes to fill out while the apparatus
group had to address assumptions in their report writing
without the same level of prompting.

4. Experimental uncertainties

It is interesting to see that one ability—the ability to
collect and analyze data (rubric G) clearly favored
the apparatus group. They were able to identify the
sources of uncertainty better, and while they were
not strong in evaluating uncertainties, they are signifi-
cantly better than the video group. They were also
better in minimizing uncertainties and in data analysis.
The rubrics used for scoring are shown below
(Table IX). The distributions of scores are shown
in Fig. 6.

B. Exams

The results of the rubric scores of student responses
to all the exam questions used in the study are shown in
Tables X and XI. Table X shows the average score
of each lab section in both Fall 2018 and Spring 2019
for each question. Each question was scored using
a rubric like the ones shown in Tables IV and V.
Two coders, who were blind to what lab section the
students were in, independently scored a small sample
of each exam question. When interrater reliability of
greater than 80% was achieved, one of the coders scored
the remainder of the questions.
Table XI shows the results of a 1 × 4 ANOVA in

which we treated each lab section as a separate
experimental condition and each semester as a separate

FIG. 5. Comparing abilities involved in designing and conducting an application experiment. Rubric items D5, D7, and D8.

FIG. 4. Comparing abilities involved in designing and con-
ducting a testing experiment. Rubric items C5 and C8.
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experiment. Note that we did not make any comparisons
between semesters since students were not randomly
assigned to a semester and so it is not valid to
assume the two semesters were drawn from the same
population.
The intent of the energy question was to test whether

there was any inherent difference between the lab sections
by asking a question about energy bar charts, a topic
unrelated in terms of both content and scientific abilities to
anything in the experimental intervention. In neither
semester were there any significant differences between
conditions. The Newton’s laws question assessed concep-
tual understanding of Newton’s second and third laws,
which was related to one of the labs that the students did

with apparatus and video. Again, there was no significant
difference between conditions in either semester. Finally,
we compared student scores on the question that assessed
students’ abilities to analyze and interpret data. Since the
content area of the question (the dependence of the period
of a pendulum swing on the amplitude of that swing) was
not part of the intervention, this question would indicate if
any of the treatments affected students’ ability to analyze
data, estimate uncertainties, and draw conclusions from
data. Here there was a significant difference between
conditions in the Fall 2018 experiment, but not in the
Spring 2019 experiment.

VI. DISCUSSION AND IMPLICATIONS
FOR INSTRUCTION

We were able to design lab activities for the students
using video-based experiments that in all cases but one
replicated activities with physical apparatus. An impor-
tant issue here is that the activities were designed for the
ISLE approach where one of the main aspects of student
experimental work is experimental design. We found
that it was possible to design video-based activities that
mimicked the process of design of experiments by the
students. This opportunity was provided by the unique
features of Pivot Interactives where students could select
from a matrix of videos (thus learning to control
variables in experimental design) and use overlaid
measurement tools to make measurements (mimicking
the same sort of measurement decisions students have to
make when working with physical apparatus). The only
experiment that was different for the students in two
conditions was the observational experiment where
students developed a mathematical expression for the
radial acceleration of an object moving in a circle at a
constant speed. Here the video condition actually was
preferential as the students could vary each variable
separately, whereas, using physical equipment, this
experiment is difficult for students as it either requires
a specific expensive apparatus developed exactly for this

FIG. 6. Comparing abilities to collect and analyze experimental
data during video-based and apparatus-based labs. Rubric items
G1, G2, G3, and G5.

TABLE VII. Rubric items used for the analysis of testing experiment reports.

Ability Missing (0) Inadequate (1) Needs improvement (2) Adequate (3)

Is able to identify the
assumptions made in
making the prediction
(C5)

No attempt is made to
identify any
assumptions.

An attempt is made to
identify assumptions,
but the assumptions
are irrelevant or are
confused with the
hypothesis.

Relevant assumptions are
identified but are not
significant for making
the prediction.

Sufficient assumptions
are correctly identified
and are significant for
the prediction that is
made.

Is able to make a
reasonable judgment
about the hypothesis
(C8)

No judgment is made
about the hypothesis.

A judgment is made but
is not consistent with
the outcome of the
experiment.

A judgment is made, is
consistent with the
outcome of the
experiment, but
assumptions are not
taken into account.

A judgment is made,
consistent with the
experimental outcome,
and assumptions are
taken into account.
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purpose or using clunky equipment, collecting large
amounts of messy data. In our case, the students in the
apparatus condition came up with the same relationship
through the analysis of a thought experiment [41].
More specifically, our research goal was to answer the

following two questions:
1. What are the differences in how students develop

scientific abilities when experimenting with videos
versus apparatus in ISLE-based labs?

2. How does experimenting with video affect student
learning of normative physics concepts in an ISLE-
based course such as (for example) Newton’s
second and third laws as compared to students
who learn the same physics ideas by experi-
menting with apparatus?

We will answer each question first and then provide a
summary.

A. What are the differences in how students develop
scientific abilities when experimenting with videos

versus apparatus in ISLE-based labs?

From the analysis of students’ lab reports using
scientific abilities rubrics, we can conclude that there
are scientific abilities whose development is better

supported by using physical apparatus and there are
some abilities that are better supported when students do
video experiments. While we found only some random
differences in students’ reports of different types of
experiments (on some rubrics, the apparatus group did
better and on some, the video group), these differences
were probably a consequence of the format of the lab
itself. However, there is one rubric (G-Data collection
and analysis) on which students who did apparatus labs
showed better results on almost every rubric item. This
finding is robust as we scored every lab report we
analyzed using rubric G, therefore, the data sample is
much larger for this rubric. We found that, compared to
the video condition, the apparatus condition students
could better identify, analyze, and describe how to
minimize experimental uncertainties and analyze data
in the lab reports we scored. This is perhaps not that
surprising. A priori, we suspected that the “messier”
data provided by apparatus-based experimentation
would offer more opportunities for students to think
about sources of experimental uncertainty and how to
minimize them. In contrast, when working with video-
based experiments, it is harder for students to quantify
random uncertainties.

TABLE VIII. Rubric items used for the analysis of application experiment reports.

Ability Missing (0) Inadequate (1) Needs improvement (2) Adequate (3)

Is able to evaluate the
results by means of an
independent method
(D5)

No attempt is made to
evaluate the
consistency of the
result using an
independent method.

A second independent
method is used to
evaluate the results.
However, there is little
or no discussion about
the differences in the
results due to the two
methods.

A second independent
method is used to
evaluate the results.
The results of the two
methods are compared
correctly using
experimental
uncertainties. But there
is little or no
discussion of the
possible reasons for
the differences when
the results are
different.

A second independent
method is used to
evaluate the results and
the evaluation is
correctly done with the
experimental
uncertainties. The
discrepancy between
the results of the two
methods and possible
reasons are discussed.

Is able to choose a
productive
mathematical
procedure for solving
the experimental
problem (D7)

Mathematical procedure
is either missing or the
equations written
down are irrelevant to
the design.

A mathematical
procedure is described,
but is incorrect or
incomplete, due to
which the final answer
cannot be calculated.
Or units are
inconsistent.

Correct and complete
mathematical
procedure is described
but an error is made in
the calculations. All
units are consistent.

Mathematical procedure
is fully consistent with
the design. All
quantities are
calculated correctly
with proper units.
Final answer is
meaningful.

Is able to identify the
assumptions made in
using the mathematical
procedure (D8)

No attempt is made to
identify any
assumptions.

An attempt is made to
identify assumptions,
but the assumptions
are irrelevant or
incorrect for the
situation.

Relevant assumptions are
identified but are not
significant for solving
the problem.

All relevant assumptions
are correctly identified.
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On the exam question where students were asked to
analyze a dataset (see Table XI), there was one signifi-
cant difference between two of the conditions: lab
section 3 (treatment VVAAA) and lab section 4 (treat-
ment VVVVV) in the fall of 2018. Section 4 performed
significantly better. However, the difference could have
been due to an idiosyncratic difference between the two
groups or random chance, as it did not appear in the
spring of 2019. We conclude that, on the whole,
students in all conditions did equally well at data
analysis by the end of the semester. This begs the

question: Why do we see such a marked difference in
the labs but not in the final exam? There are two
possibilities. (1) Prior research [14] has shown that
students do learn how to analyze data and calculate
uncertainties from video-based experiments. (2) Students in
the video conditions also did many experiments with
apparatus as well, so they likely became more adept at
analyzing and interpreting noisy experimental data from
those lab experiences.

TABLE IX. Rubric items used for the analysis of students’ abilities to analyze data and deal with experimental uncertainties.

Ability Missing (0) Inadequate (1) Needs improvement (2) Adequate (3)

Is able to identify sources
of experimental
uncertainty (G1)

No attempt is made to
identify experimental
uncertainties.

An attempt is made to
identify experimental
uncertainties, but most
are missing, described
vaguely, or incorrect.

Most experimental
uncertainties are
correctly identified.

All experimental
uncertainties are
correctly identified.

Is able to evaluate
specifically how
identified experimental
uncertainties may
affect the data (G2)

No attempt is made to
evaluate experimental
uncertainties.

An attempt is made to
evaluate experimental
uncertainties, but most
are missing, described
vaguely, or incorrect.
Or only absolute
uncertainties are
mentioned. Or the final
result does not take the
uncertainty into the
account.

The final result does take
the identified
uncertainties into
account but is not
correctly evaluated.
The weakest link rule
is not used or is used
incorrectly.

The experimental
uncertainty of the final
result is correctly
evaluated. The weakest
link rule is used
appropriately and the
choice of the biggest
source of uncertainty is
justified.

Is able to describe how to
minimize experimental
uncertainty and
actually do it (G3)

No attempt is made to
describe how to
minimize experimental
uncertainty and no
attempt to minimize is
present.

A description of how to
minimize experimental
uncertainty is present,
but there is no attempt
to actually minimize it.

An attempt is made to
minimize the
uncertainty in the final
result, but the method
is not the most
effective.

The uncertainty is
minimized in an
effective way.

Is able to analyze data
appropriately (G5)

No attempt is made to
analyze the data.

An attempt is made to
analyze the data, but it
is either seriously
flawed or
inappropriate.

The analysis is
appropriate but it
contains minor errors
or omissions.

The analysis is
appropriate, complete,
and correct.

TABLE X. Average scores for all exam questions analyzed in
the study, broken down by section and semester.

Section 1 2 3 4

Treatment 5A 2A3V 2V3A 5V

Fall ’18 Energy Q. 62% 67% 64% 56%
N2/N3 Q. 33% 36% 39% 25%
Data Q. 31% 47% 30% 53%

Spring ’19 Energy Q. 57% 61% 45% 60%
N2/N3 Q. 48% 51% 54% 64%
Data Q. 36% 44% 41% 42%

TABLE XI. All results of a one-way ANOVA with four
independent conditions applied to each exam question, treating
each semester as an independent experiment.

Energy Q. N2=N3 Q. Data Q.

F18 S19 F18 S19 F18 S19

Fa 0.89 1.45 1.03 1.09 3.7 0.35
p 0.45 0.23 0.38 0.36 0.016b 0.79
N 84 90 86 93 72 62

aThree degrees of freedom throughout (df ¼ 3).
bTukey’s test reveals that the only statistically significant

difference is between lab section 3 (treatment VVAAA) and
lab section 4 (treatment VVVVV). Section 3 scored 30% and
section 4 scored 53%, p < 0.05. All other pairwise comparisons
were not significant.
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At the same time, there is another ability (rubric item
A11, ability to plot a graph), where students in the
video condition showed better results than apparatus
students (see Fig. 3). While this rubric was used for
only one lab, Newton’s second law, this finding
deserves special attention. This is the lab where the
students need to make acceleration vs mass and
acceleration vs force graphs and from those come up
with the direct and inverse relationships between
acceleration, the force exerted on an object and its
mass. The fact that almost 80% of the students in the
video condition were able to do it perfectly shows how
beneficial precise data are for developing mathematical
relations from that data.
The above discussion shows that it is beneficial for

the students to have both types of labs when both follow
the ISLE philosophy. The labs using apparatus help
students identify and analyze experimental uncertainties,
video-based labs help students develop relationships
based on data when data collection is messy and tedious.
Asking students to experimentally develop mathematical
relations like the dependence of the centripetal acceler-
ation on speed and radius, with physical apparatus, can
require a large time investment for students and a large
financial investment from the school ($325 per setup as
of the time of writing this paper [42]). Video experiments
definitely save time and funds when it comes to com-
plicated data collection when the students need to
develop mathematical relationships in which some
aspects are nonlinear.

B. How does experimenting with video affect
student learning of normative physics concepts

in an ISLE-based course?

The data presented in Sec. V show that the students in
different conditions were indistinguishable on the exam
questions unrelated to the content of the labs where the
conditions were different (apparatus and video) and also
on the questions related to the content of the labs
(Newton’s second and third laws) where the conditions
were different. While performance on a single exam
question does not suffice to draw any general conclu-
sions, our results lend support to the claim that sub-
stituting some of the apparatus labs with the video
analysis labs does not seem to affect the quality of
student learning of normative content when students are
learning physics through the ISLE approach.

C. Summary

It does appear from our data that video-based experi-
ments offer certain affordances and constraints in terms
of supporting students’ development of scientific abil-
ities. Instructors engaged in designing labs for students
need to make conscious choices when deciding whether
a specific lab can be or even should be substituted with

high-quality videos of a similar experiment. Some of us
are strong proponents of using regular equipment in
student labs and some lack funds to purchase necessary
equipment. Our study suggests that a balanced mix of
both kinds of experiments might benefit the students the
most in terms of fostering the growth of all scientific
abilities.
Additionally, as online and asynchronous learning con-

tinues to expand, there is potential in combining video-based
experiments using expensive apparatus with at-home experi-
ments using everyday objects as a means to overcome the
identified weakness regarding identification, analysis, and
minimization of experimental uncertainties. The combina-
tion of the two might even reduce the need for traditional
apparatus-based laboratory facilities while providing online
students with more meaningful learning experiences.

D. Limitations and future work

Our study has several limitations. First, we only sub-
stituted 5 labs out of 15 with video experiments, therefore,
it is difficult to speculate what would happen if the students
did all 15 labs using video-based experiments instead of
using apparatus. Second, the project was conducted in a
state devastated by fires at the time of the study. This could
have affected student growth and development as some of
them did not have a place to live and work. Third, our
relatively small exam dataset means that we be cautious
about the generalizability of our conclusions from that
dataset.
Future research could test some of our hypotheses by

having students conduct an entire semester of experimen-
tation with video rather than physical apparatus. The
robustness of our findings could be tested with a larger
sampling of students across multiple institutions.
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APPENDIX: EXAM QUESTIONS

FIG. 7. Fall 2018 energy bar chart question assessing students’
representation abilities in the context of energy.
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