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We redesigned an advanced physics laboratory course to include a project component. The intention was
to address learning outcomes such as modeling, design of experiments, teamwork, and developing technical
skills in using apparatus and analyzing data. The course included experimental labs in preparation for a sixweek team project in which students designed and implemented a research experiment. The final assignment
given to students was a reflective essay, which asked students to discuss their learning and satisfaction in doing
the project. Qualitative analysis of the students’ reflections showed that the majority of the students reported
satisfaction and achievement, functional team dynamics, learning outcomes unique to this experience, practicing
modeling skills, and potential future improvements. We suggest that reflections are useful as support for student
learning as well as in guiding curricular improvements. Our findings may be useful for other course redesign
initiatives incorporating project-based learning and student reflections.

I.

INTRODUCTION

The laboratory has long been an essential part of the undergraduate physics curriculum. At Queen’s University and
throughout the physics education community, the redesign
and study of undergraduate laboratory courses has become
an area of increasing focus [1–3]. The American Association
of Physics Teachers (AAPT) recently advised that the learning outcomes of students in physics undergraduate laboratory
courses should include the ability to pose research questions,
model systems, design experiments, and analyze data [4].
These outcomes, however, are difficult to achieve when students do procedural experiments in which they follow a wellplanned recipe to obtain predictable results. One effective
way to achieve the recommended learning outcomes, and to
encourage student engagement, is to incorporate student-led
open-ended experimental projects.
Our shift toward design- and project-based laboratory
courses is motivated not only on the basis of the above recommendations, but also because there is evidence that this
mode of instruction changes students’ attitudes about physics.
For example, lab courses with research and design as the focus have been shown to be effective at increasing student retention in science, technology, engineering, and mathematics (STEM) [5]. Lab courses that carefully consider learning
goals and the methods of instruction may significantly influence students’ scientific practices and attitudes [6, 7]. Further, modeling can be used to “integrate sophisticated conceptual and quantitative reasoning into the experimental process ... a natural way to integrate an analysis and discussion
of systematic error into a lab activity” [2]. Dounas-Frazer
et al. recently found “concrete implications for the design
of experimental physics projects in courses for which student
ownership is a desired learning outcome” [3].
Reflective writing exercises are a key step in metacognition, allowing the student to interrogate their own learning
and laboratory process. Student reflections are a benefit for
both assessing and supporting students’ learning in laborato-

ries [8, 9]. Such reflection exercises have been shown to help
students develop problem solving skills [10], content knowledge [11], conceptual understanding [12, 13], and attitudes
about physics [14].
In this paper we begin by describing the lab course and the
student reflections upon which this research is based. Our
redesign efforts in incorporating design and project elements
into this lab course are briefly described. We then discuss
in depth the findings of our qualitative analysis of the student reflections at the end of their project. Our findings offer
some additional implication to existing literature of benefits
of design- and project-based lab courses.
II.

COURSE CONTEXT

Our third-year engineering physics laboratory course introduces concepts of quantum and modern physics (nuclear,
particle, atomic and optical physics) with increasingly sophisticated apparatus and analysis. The class of ∼60 students meets for a 50-minute lecture and a three-hour lab (in
two sections) weekly for 12 weeks. For several years the
course offered four common experiments done in pairs for
the first few weeks, followed by a rotation through a selection of experiments, each completed in the three-hour period.
Students reported dissatisfaction with the amount of work required for these procedural experiments, did not demonstrate
much retention of the learning goals in subsequent courses,
and seemed less engaged than in parallel engineering design
project courses.
The course was substantially redesigned for Fall 2017 with
the goal of addressing more of the learning outcomes from the
AAPT report [4]. To this end, students were given six weeks
to complete an experimental project in teams of four. The
project required students to research an existing experiment
of their choosing, design the apparatus and procedure, predict the results using a model, carry out the experiment and
analysis, and report on their findings. In order to help ensure
success in such a short time, students were required to find an

experiment already published in an undergraduate-level journal, and instructors carefully vetted projects for both feasibility and ambition at the proposal stage. Projects that the
students carried out in Fall 2017 included: measuring Faraday rotation in water, measuring the speed of light, measuring
the angular dependence of cosmic ray muon flux, determining the abundance of potassium-40 in everyday objects, and
measuring the Hall coefficient of aluminum.
The first six weeks of the course included exercises and
experiments aimed at teaching students technical skills and
scientific attitudes that are necessary for, and ease the transition to, the open-ended project phase. There were activities
which demonstrated flexible equipment available for later reuse, experiments that focused on data analysis, and exercises
that supported core elements of experimental design. In order to evaluate the first delivery of this redesigned course,
we used a mixed-methods approach. We took quantitative
data with the E-CLASS survey [15] to evaluate student attitude and with the LOPUS lab observation protocol [16] to
evaluate student engagement in the labs. The findings of the
quantitative analysis will be reported in a future publication.
As the last deliverable for the course, after presenting their
final project report orally and in written form, students were
asked to write a short 300-500 word guided reflection essay.
In this essay (worth 3% of the course grade) students were
asked to reflect on the learning and process during the project.
The students were given a rubric showing that this grade came
from clarity of writing, reflection on learning, reflection on
team, and plans for the future. Question prompts were given
to the students asking them to reflect on: their happiness with
what their team achieved; how their team worked during the
project; what they learned over the course of the project; what
they learned specifically when they compared a prediction to
a model; and finally what they would do differently if they
were to do the same project again. One possible confounding
effect is that students may report more positive reflections in
the hope of obtaining higher grades.
III.

METHODOLOGY

Our qualitative approach to explore the learning experiences of students used the text-coding steps (open, axial, and
selective coding) described by Corbin and Strauss [17]. These
analysis steps allowed us to deduce how students’ reflection
responses addressed our research questions. Importantly, the
following five research questions directly informed the reflection prompts given to students, and also guided our analysis
of the reflections:
A. Were students satisfied with the outcome of their
project?
B. What team dynamics did the students encounter in their
project?
C. What learning did the students describe in their reflection on their project experience?
D. What did the students learn specifically from comparison of model to data?
E. What would the students do to improve their experi-

ence next time?
The primary coder (BC) worked closely with the course instructor (RGK) in the course redesign before and during the
time the course was offered. BC completed the open coding
phase of the student reflections in consultation with LM. Together, BC and LM completed the axial and selective coding
phases to create categories and themes.
IV.

RESULTS

In this section we describe the findings of our qualitative thematic analysis of the student reflections. Specifically,
we discuss the five themes that emerged from the deductive
analysis and corresponded to the prompts we provided the
students prior to completing the reflection assignment. We
discuss the themes separately in five subsections: students’
project satisfaction, team dynamics, described learning, experiences with modeling, and future improvements to the
project experience.
A.

Project satisfaction

The students were asked whether they were happy with
what their team achieved at the end of their experimental
project. Out of the 55 responses we received and analyzed,
30 students explicitly wrote that they found their project interesting, regarded their project as a success, and/or were happy
with what their team achieved. Three students explicitly
reported that they were unhappy, disappointed, or stressed.
Six students wrote that they had mixed feelings: on one hand
they were happy with their experimental process but on the
other hand they were unsatisfied with their project outcome.
The remaining 16 students did not report their level of project
satisfaction.
Although we did not prompt the students to do so, 27 students reflected on how they benefited from this course. Their
responses conveyed an important message: students valued
the project experience because of the unique learning that
happened through doing experimental projects. Some example quotations include:
Being able to delve into this project from start to
finish, as opposed to simply taking what is given
and testing what is expected, such as in the past,
has been a great experience and one which will
help me in future endeavours to succeed in collaboration, in sound process, and in design.
I think the design portion of the project is very
important as it is the first time I have had to solve
physics problems without a known solution, and
use the result to produce a meaningful outcome.
This put all the physics I’ve learned over my university career in perspective, and now see how it
could all actually be applied.
B.

Team dynamics

Most project teams felt that they functioned quite well.
Common functional team dynamics included: having clear

team expectations, good communication among team members, fair task distribution, friendly relationships that are supportive and trustworthy, and all members being willing to take
responsibility and contribute more or less equally. A designated leader was a feature of some functional teams, while
other teams felt effective without a defined leader. Students
who felt they were part of a functional team said:
We agreed at the start of our project what our
goals and expectations were in terms of time and
effort commitments. This ensured that everybody
was prepared for the process of our project up to
its completion.
When there was a task at hand, more than one
person volunteered to do it, and it was assigned
to the most appropriate individual based on related works or past experience. ... Proper team
communication was very important as many in
depth topics read by other members were summarized to convey the key points relevant to the
lab.
A small fraction of the teams did not feel that they worked
well together. Common non-functional team dynamics were
described as poor communication, unfair task distribution,
and/or lack of responsibility among team members.
There was a gap in understanding between team
members as each member only had a clear understanding of their portion of the project.
While no particular group member was specifically bad, the individual sense of responsibility
when it came to doing the less exciting part of the
projects (background research, writing reports,
doing presentations) was lacking.
It is interesting to note that some teams felt functional
because they had previous experience working with their
team members, this allowed them to “work off each other’s
strengths to the best of [their] abilities”. Yet another student
wrote that their non-functional team “dynamic was caused by
having a group of close friends working together, which lowered the pressure of showing up very late to meetings or not
doing the required work by the time it is due”. While the students may feel more comfortable working on their project in
the teams that they form themselves, it might not necessarily
lead to functional team dynamics.
C.

Described learning

Students were asked to reflect on the prompt, “What did
you learn over the course of the project?” They reported three
major learning items in their reflections: ways of thinking,
learning by doing projects, and requirements for success.
The ways of thinking that students felt they learned or
developed include conceptual understanding, problem solving, and critical thinking. While students had to have a basic understanding of physics concepts behind their project
goal before they started designing their experiment, they felt

they practiced conceptual thinking as they progressed through
their project phases. In terms of problem solving, students
described having to “figure out the problems presented to
[them] and rise above them to complete [their] project”.
They also reported that doing a project allowed them to “critically think[ing] about results”. The conceptual understanding, problem solving, and critical thinking skills that students reported learning through the project affirm what value
design- and project-based learning experiences afford physics
and engineering students. As one student wrote:
Since it was not the same as following the procedures on an experiment handbook, we had to
solve all the problems ourselves, and it really
made me think about how each part of the apparatus worked, and it turned out to be essential
in the data and error analysis.
The other types of learning reported by students were related to learning by doing projects and their requirements
for success. The students wrote that they learned the whole
research process including reading literature, modeling, designing experiments, and interpreting data and results. Technical skills and an acquired scientific attitude are byproducts the students felt they gained during their project experience. Students also reflected on what elements were imperative to their project’s success. Requirements for success included research skills, project management, working in effective teams, utilizing resources, time management, and making
necessary adjustments when difficulties and problems occur.
An example of one student’s awareness of such needs was
described as:
Through our successes (and failures) as a team,
we learned that performing an experiment requires a lot of careful documentation, thoughtfulness regarding procedure and analysis, and excellent communication between team members.

D.

Experiences with modeling

The course instructor emphasized from the first description
of the project the importance of modeling to the students and
explicitly stated that one goal of the project was to compare
a prediction with a model. Despite such efforts to emphasize
modeling, less than half of the students reflected on their experiences with modeling. These students reported that they
learned how to model but offered no further reflections, and
they were able to identify some limitations of their models.
There are two possible explanations: the lack of student responses related to modeling may be because that the students
did not understand what the instructor wanted them to reflect
upon; the lack of depth in reflection on modeling signifies
that, as instructors, we can do a much better job supporting
students thinking about modeling and developing their modeling skills such as by using the Modeling Framework for
Experimental Physics [18, 19].

E.

Future improvements

Students reflected on the numerous issues they encountered prior to reflecting on what future improvements could
be made. The challenges and issues the students encountered
included: coming up with a research question that is appropriate for the short timeline, poor physics conceptual understanding, technical challenges including apparatus and lack of
other resources, ineffective team dynamics, poor time management, and obtaining poor experimental results. Without
this deeper understanding of students’ challenges, which we
gained through their reflections, improving the project experience for students in the future would lack consideration of
students’ learning needs.
Three ideas emerged from student reflections about what
future improvements could help them to have a more successful project experience: better project management, utilizing resources, and better research methods. Students
voiced that project management is key; the team should consider the whole project phase, properly plan the procedures
to allow time for critical tasks, ensure good documentation of
steps taken, and work together as a team toward its project
expectations. Students recognized that there were resources
provided that were not necessarily utilized. They reported
that finding out what resources are available and acquiring
the appropriate hardware/software would improve the experience. Students also realized that lab courses are normally supported by a team of experts including the course instructor(s),
teaching assistants, and technicians, all of whom would be
helpful to access. Last but not least, as many of the students
wrote in their reflections, doing projects is similar to going
through an authentic research process. They reported the
need to empower themselves with better research methods,
specifically mentioning improved literature search skills, conceptual understanding, scientific attitude, technical knowledge, and data analysis skills.
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