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Developing Inquiry Experience Through Curiosity-

Driven Open Inquiry

Freek Pols, Xandesh Perk, and Amy Tarling, Delft University of Technology, Delft, the Netherlands

arious scholars'? recommend the use of open inqui-
N / ry?® for good reason: As students make methodolog-

ical decisions themselves and evaluate the quality of
these, they gain a better picture of what doing science entails*
and learn more and better.> However, simply asking students
to come up with their own research question and methods
and then to design their experimental setup poses insuperable
difficulties for novices (note that PhD students and postdocs
also receive guidance!). A gradual and segmented approach to
teaching inquiry and to open inquiry seems therefore a more
appropriate teaching strategy.® Here we describe and review
our approach to open inquiry—especially the final project in
which students conceive their own experiment. To illustrate
and evaluate this approach, one student team presents their
experiment and reflects on their process and perceived learn-
ing gains. Through their experiences, we examine how our
approach to open-ended experiments helps students develop
expertise in the cognitive tasks of experimental physics while
providing support as they navigate the challenges of inqui-
ry-based experimentation.

The challenge of open-ended experiments

As described elsewhere in detail,” our recently reformed
first-year physics lab course (6 European Credit Transfer
and Accumulation System credits = 168 h) introduces ~240
students to experimental physics. Using highly prescribed
experiments, students in the first 5 months learn essential
skills such as programming and data analysis® (including
measurement uncertainty and error propagation), learn to
use precision instruments, and develop scientific communi-

cation skills by maintaining a lab journal and writing formal
lab reports.

Although traditional cookbook-type experiments are ex-
cellent ways to attain some learning goals, engaging students
only in this sort of “closed” activity might cause them to de-
velop an incorrect image of how science works®~!!: science is
not a linear process where the correct answer to the research
question is always found by following a prescription. To the
contrary, it is an iterative process where one has to deal with
unforeseen circumstances and alter ambition levels when
time (or money) is running out. Moreover, traditional cook-
book-type experiments do not engage students in formulat-
ing relevant research questions, allow them to develop their
own methods, or think deeply about ways of analyzing their
data.>>!12 To allow for such experiences, open-ended activi-
ties with more cognitive tasks for students to pursue inquiry
learning are recommended.>!3

Despite calls emphasizing the need to engage students in
more open-ended experiments,! reforms—moving away
from prescribed, fixed experiments—are slow!>!6 due to
practical considerations. How do you supervise (with one
teacher and ~20 student assistants) ~100 different experi-
mental projects, where almost all groups deal with a variety of
unknown factors (e.g., are the materials we need available?),
all while being expected to reach experimental conclusions
within just 4.5 weeks. Over the course of 5 years, the first
author has conceived a format that is challenging yet feasi-
ble (outlined in Table I) to introduce such a large group to
open-ended inquiry in the sixth month of the course. In the
following, one student team (the second and third authors)
elaborates on the process.

Table I. Both teacher and students run a tight schedule to finish the final project.

1 Orientation on topic and research question | —

2 Trial measurements, testing, literature
review, writing research proposal

Writing and handing in proposal

Christmas holiday break

3 Processing feedback on proposal, outlining | Measurement day 1
report, writing code for data analysis
4 Data analysis, optional additional Measurement day 2
measurements
6 Report writing, optional additional Report writing
measurements
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12'6€:21 9202 4890100 L0



Start of the project

For the final project of the first-year physics lab course, we
had to conceive and conduct our own experiment in just 4.5
weeks (~36 h). We were given a set of topics, each with some
basic setups, yet had freedom to choose a subject of interest.
We opted for the subject of physical transport phenomena,
specifically frictional flow, as it spoke the most to us, and we
immediately had a creative idea. Where the standard experi-
ment considered the determination of the viscosity of water,
we decided to challenge ourselves and determine the viscosity
of honey as function of temperature.

Proposal

After choosing a topic, we were meant to do a short litera-
ture study to help us specify the research question. We found
that the viscosity of honey as function of temperature can be
described by the Arrhenius equation!”:

n=AseE/RT, 1)

where 7 is the viscosity, A, is the pre-exponential factor, E, is
the activation energy in joules, R is the gas constant

(8.314] - mol~! - K7!) and T is the temperature in kelvin.
Using this information, we decided to answer the following
questions:

1. Isthe Arrhenius relationship sufficient to describe the
relationship between viscosity and temperature of hon-
ey?

2. What are the values of the pre-exponential factor A, and
the activation energy E, in the Arrhenius relationship?

Furthermore, we devised a research method and finished
our research proposal, which was then approved.

Method
We faced the challenge that the standard setups were not
suitable for (heating) honey, and we thus had to devise our

honey uniformly.
terminal velocity.

? *
Fig. 1. A water bath was used to heat the Fig. 2. The ball falling through the honey.
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Fig. 3. The viscosity (log scale) as a function of the reciprocal tem-
perature, confirming that the Arrhenius equation can be used to
describe this relationship.

own setup using the available resources and equipment. With a
little help, we were able to cool and heat honey in a measuring
cylinder using a water bath (Fig. 1).

After taking the cylinder out of the bath, four spheres were
dropped consecutively into the honey (see Fig. 2). A magnet
was used to suspend each sphere while fully immersed in the
honey, ensuring an initial velocity of zero. We used a video
recording to determine the terminal velocity of each sphere.
Using the equation for viscosity (Stokes’s law),

)= D’g(p,—p,) @)
18v,

[where # is the viscosity, D is the diameter of the sphere, py is
the density of the sphere, py, is the density of the honey, and v, is
the terminal velocity], we determined the viscosity of honey at
that specific temperature.

=—— e Results and discussion

Figure 3 shows the established
viscosity as function of the reciprocal
temperature, satisfying the Arrhenius
equation. Using least-square fitting, we
found an activation energy of
91 + 3 kJ/mol and a pre-exponential
factor of 3.2 x 10715 Pa - s. These findings
are the same orders of magnitude as
determined by Saxena et al.,'” and we
confirm that the viscosity of honey as
function of temperature can indeed be
described using the Arrhenius equation.
As the uncertainty of the pre-exponen-
tial is the same order of magnitude as
the value itself, follow-up experiments
should be carried out to diminish this

BT |

Video analysis was used to determine its uncertainty. Therefore, we should sta-

bilize and determine the temperature
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better and use a wider cylinder so the effect of the sides is
reduced.

Reflection

Conceiving and conducting your own experiment comes
with various hurdles. For instance, it was difficult to find the
right formula for calculating viscosity that was also applicable
to our experiment. Initially, we worked with the Reynolds
number (Re) and the drag coefficient (Cp), but we did not
master the mathematical skills to deal with this complexity.
Eventually, we discovered that viscosity could also be calculat-
ed using a different theory (Stokes’s law). Additionally, toward
the end of the project, we realized that the uncertainty for the
pre-exponential factor was quite large. Next time, we would
need to measure more accurately—that is, both temperature
and velocity. We also had to be creative in finding a way to
make the ball fall as close to the center of the measuring cyl-
inder as possible. Tweezers did not reach deep enough, but
using a magnet allowed the ball to be manipulated along the
edge of the measuring cylinder by magnetic force. We thus
encountered various problems that we did overcome (at least

What Amy and Xandesh’s story tells us
Although we only described the journey of a single stu-
dent team, the above story of Amy and Xandesh is illustrative

for the experimental journey of most student teams when
doing a self-conceived experiment in our first-year phys-

ics lab course.%”!® Many enjoy the given freedom and start
with highly ambitious research projects—see Table II for a
selection of this year’s experiments. Rather than following

a detailed recipe leading to a predetermined answer, they
formulate their own research question, investigate existing
knowledge, and integrate relevant insights into their experi-
ment, all of which aligns with the objectives of this part of the
course. However, they also encounter several challenges along
the way, and their plans gradually become less ambitious but
therefore more feasible.”!

Providing a list of topics, equipment, and ideas is sufficient
to let students pick their own experiment and let curiosity
drive their experiment. In doing an online investigation of
the topic, students may stumble upon prescribed experiments
leading to the correct answer to the question they themselves
posed. We do not see this as a threat to the open-ended part

Table Il. Amy and Xandesh’s choice of topic is illustrative for the
kind of inquiries students engage in.

o Determining the diffusion coeflicient using the Millikan exper-
iment

« Testing Paschen’s law by creating arcs at varying temperatures in
atmospheric pressure

« Determining PlancK’s constant using LEDs

« Determining the refractive index of glass using a Michelson
interferometer

o IV characteristics of diodes as function of temperature

« Analyzing the angle-drag relationship with an air track
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most of them). We learned that it takes quite some time to set
up a rigorous experiment. One needs time for studying the
literature to understand the problem well enough and know
what you are doing. We gained much experience and made
mistakes that we will take into account a next time that we are
supposed to conceive and conduct a physics experiment.

The final project in which you conceive and conduct your
own experiment significantly differs from the prescribed
experiments that we did earlier in the course. With the
recipe-style experiments, we did not have to make test mea-
surements; you only have to understand the theory and what
you are going to do. You don’t have to think about how to
build your setup or how to improve it. In this project, we were
very enthusiastic at the start, but then had doubts whether we
could devise our own setup that would work. We were happy
that all worked out and we could collect the data. We had
stress when we were near the deadline and made a calculation
error resulting in an invalid outcome at first. Finally, we were
relieved when the report was handed in (and received a grade
of 8.1/10).

of inquiry, as most of the time the same materials are not
available, requiring students to adapt their methods, reformu-
late their questions, or downsize their ambitious plans.
Another key observation from the students’ report is that
their understanding of physics is still developing. When
searching for a formula relating viscosity to temperature,
they found an article using the Arrhenius equation. However,
had they explored the underlying concepts more deeply, they
would have discovered that this equation is typically used
to describe the temperature dependence of reaction rates in
chemistry. In that context, the concept of activation energy has
a clear physical meaning. When applied to viscosity, however,
the Arrhenius equation serves only as an empirical model,
and the so-called activation energy is better understood as a
fitting parameter without a direct physical interpretation.
That said, we do not view this as problematic. The main
goal of the open-ended experiment is for students to convinc-
ingly establish a relationship between two variables. More-
over, the students made a genuine effort to dig deeper into
the literature—a commendable step, especially considering
it was their first time reading scientific papers and they are
non-native English speakers. Situating their findings within
the broader framework of physics comes later in their educa-
tion—an endeavor that certainly requires more than the 28
hours allotted for conceiving, conducting, and reporting on
an experiment.

To conclude

Implementing open inquiry in a first-year lab course is not
an easy task. As shown in Table I, both students and instruc-
tors work within a tight schedule. We make use of the Christ-
mas holidays to review student proposals (by the teacher and
four experienced student assistants), assess any safety con-
cerns, and arrange for additional materials requested by the
students (handled by the technicians). During the 4-hour lab
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sessions, one teaching assistant is typically responsible for su-
pervising five to eight student teams. In the first session espe-
cially, students often need support with setting up equipment,
gathering additional materials, and reviewing or refining their
methods.

Four weeks and a day for preparation is just enough time
to conceive and conduct an experiment, especially when little
structure (list of topics and a mandatory research proposal)
is provided. Yet, 4 weeks is short enough to not get frustrated
about failures: Almost every team encounters unanticipated
difficulties and problems that force the students to impro-
vise, consult, and scale down the project. Many times, we had
discussions where students stated that they have tried several
things and nothing works, and asked whether their final idea
is still sufficient to pass the course. Almost always, the reply is
that they have undergone the difficulties experienced by real
researchers and acted accordingly—they were truly engaged in
the cognitive tasks of an experimental physicist. What more do
we want as teachers?
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