Project-based physics labs using low-cost open-source hardware
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We describe a project-based physics lab, which we proposed to third-year university students.
These labs are based on new open-source low-cost equipment (Arduino microcontrollers and
compatible sensors). Students are given complete autonomy: they develop their own
experimental setup and study the physics topic of their choice. The goal of these projects is to let
students to discover the reality of experimental physics. Technical specifications of the
acquisition material and case studies are presented for practical implementation in other
universities. VC 2017 American Association of Physics Teachers.
[http://dx.doi.org/10.1119/1.4972043]

I. INTRODUCTION
Traditionally, student labs are used in physics curricula to
let the students discover and measure phenomena they are
otherwise studying. Experimental setups can range from
very low tech (a stopwatch to measure the fall of a rock) to
elaborate high tech (research-lab setup), but a key parameter
for a successful learning is student engagement.
Recently, the use of microcontrollers has been much simplified by the development of the famous Arduino microcontroller, an open-source low-cost microcontroller that is
widely used by the maker community.1 From a technical
point of view, these boards can be used as a low-cost data
acquisition card. At the university level, Arduino is gaining
popularity. For example, workshops targeting teachers and
promoting these boards in advanced labs have been organized,2 and many student labs have been rethought using this
technology. Using Arduino boards allows students to build
low-cost setups,3–6 such as a computerized mirror system for
optical setups,3 or a giant stopwatch and datalogger.5
The low cost and flexibility of Arduino are not its only
advantages; its open-source “fablab” nature can encourage the
sharing of ideas as well as tinkering and creativity among students. In terms of pedagogy, such an engaging environment is
ideally suited to a project-based learning (PBL) framework.7–12 Many PBL examples reported in the literature have
been implemented in high-school.11,13 In comparison, fewer
cases of project-based student labs have been reported at the
university level.7,8,14–18 Some rare universities have fully integrated PBL as the core of their pedagogy.19,20 There are several reasons that reduce the appeal of a project-based
approach in physics curricula at the university level: it generally requires a large set of versatile and often expensive equipment, it requires more time than traditional teaching, and for
instructors, PBL can be somewhat destabilizing.9,13 Several
strategies can be used to downsize the cost of the equipment,
such as the use of cheap electronic components,16 or building
up a stock of used lab equipment over the years.18 The availability of the Arduino microcontroller opens new possibilities.
A low-cost microcontroller with various inputs/outputs and
sensors is indeed the perfect low-cost “swiss-army knife”
for physics projects,21 as it gives students an easy way to
acquire data with a large flexibility in terms of setup design.
However, the technical specifications of the Arduino boards
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present strong limitations compared to more specialized data
acquisition cards in terms of digitization and sampling rate.1
In this article, we describe a project-based student lab
using Arduino boards to acquire data, where students build
their own experimental setup from scratch. These labs are
part of a broader endeavor to renew physics teaching in
our university (including, for instance, PBL and physics
outreach).22 The aim of this article is to present a detailed
description of this course so that it can inspire other teachers,
especially those interested in the PBL approach but unsure
of its technical feasibility. Indeed, the questions we were facing prior to this course were whether the Arduino board was
the right tool for a PBL-based student lab at the university
level, and whether these projects could provide students with
a realistic introduction to experimental physics. To answer
these questions, we first describe the teaching unit, along
with its organization and goals. We include a technical
description of the acquisition material for physics experiments, its sensitivity, and its cost. Student projects are then
described, with an emphasis on some examples and results.
Finally, we report perceptions of these projects, by both students and teachers through a survey.

II. DESCRIPTION OF THE “OPEN-PROJECT”
STUDENT-LAB TEACHING UNIT
The course presented here was developed in an otherwise
classical academic environment. The students are in their
third year of the French University Paris-Sud in a fundamental physics section. Most of them have been following a
physics curriculum that relies heavily on theoretical and calculation skills with a low emphasis on student labs during
their first and second years. In their third and fourth years,
the amount of time dedicated to lab work increases. In particular, a module of student labs (dubbed “focused labs”)
consists of five-day labs where students have to use an elaborate experimental setup. The setups are very specialized and
focus on a single experiment and physics topic, for example,
a setup to measure the superconducting transition or to
measure blackbody radiation. Students use a tabletop experimental setup, study complicated physics phenomena, and
discover the difficulties of experimental work. However, no
C 2017 American Association of Physics Teachers
V
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freedom is given to the students as far as the experimental
setup (and the underlying physics) is concerned.
The organization of student labs was rethought in 2014 for
the entire fundamental physics section. During this reorganization, we developed new project-based student labs (dubbed
open projects) that mirrored the organization of the focused
labs. The main pedagogical objective of the open projects is
to provide a realistic introduction to experimental physics.
Thus, even though understanding the phenomenon that is
studied is important, the focus is more on how to perform a
scientific study and the skills that are required to go from the
conception of the experiment to the analysis of the results.
Students are given complete experimental autonomy and can
choose which physics topic they want to study; their task is
to build an experimental setup from scratch and to carry out
experiments in whatever direction they think is best. In other
words, they have to lead their own research project, all in
five days. This approach corresponds to the “discipline project” PBL as defined in Ref. 10.
This lab course is divided into two parts. Before the project itself, a two-day period is dedicated to students’ training
on the acquisition material (Arduino board and sensors). The
approach is learning-by-doing; after some simple exercises
to master Arduino basics, challenges are given to the students mixing arbitrary constraints and type of measurements,
such as “build a game using two different kinds of sensor.”
Additional basic materials are available, such as LEGO
bricks, duct tape, electronic components, and aluminum foil.
The objective of these two days is to let students learn how
to use Arduino boards and sensors to measure physical quantities, but also to let them realize how easy it is to build
things. No physics is involved at this level except basic electronics; the main goal of this first period is to engage students with an open and creative approach.
Near the end of these training days, the students spend a
couple of hours on a collective brainstorming session in
which they list as many potential physics projects as possible. Based on this list, the students (working in pairs) define
their project themselves—they choose the physics topic and
begin to work out how to investigate it. Note that, contrary
to many project-based lab approaches, no pre-made topic list
is proposed by the instructors. Indeed, we hope that the students’ motivation increases if they are the ones to propose
the topic of their research. The teachers’ only role is to validate the project in terms of feasibility and check with the students for special needs (for example, if a specific material is
required).
The project itself takes place in a second period of five
consecutive days. The students have at their disposal the
same materials as during the training days plus some other
useful material (metallic wires and plates, plastic foils, multimeters, etc.). The students’ objectives are very ambitious for
only five days; they have to conceive the experimental setup,
build it, test it, and measure whatever physical phenomenon
they chose. They must also analyze properly their data and
interpret their results. As with any project, trials and errors
are expected, and the students are told to expect some delays
or changes in their original project plan. Teachers regularly
come and discuss the progress of the project, mentoring
the students. Except when there is a safety issue (such as a
high current power source without supervision), the students
are free to explore any direction they want; however, they
have to justify their choices. The teachers will provide more
extensive help for some specific technical skills (how to
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solder a wire, how to use the data analysis software, etc.).
Changes in the original project are accepted, but the students
are expected to produce some measurements at the end of
the five days, to be able to explain what they did and why,
and to discuss the physics they measured. The assessment
consists of a 15-min oral exam and a written report.
III. ACQUISITION MATERIALS: ARDUINO
BOARDS AND SENSORS FOR PHYSICS
Letting the students decide their own research topic is in
line with our objective to provide an introduction to experimental physics. One consequence of this approach is that a
large set of diverse materials should be available. The choice
of Arduino boards as the backbone of the open projects is
deliberate. The use of a low-cost multi-purpose microcontroller to pilot data acquisition limits the total cost (an
Arduino Uno board is about $20 and the coding interface
software is open source and free). Arduino is not the only
low-cost microcontroller,23 but it is recognized as very userfriendly and its user community is large. Only basic coding
skills are required to operate the Arduino board as many
code snippets for various sensors are available on the
Internet. In terms of connectivity, the Arduino just needs a
USB port, so students can use their own laptop computers
and can even bring their project outside of the lab rooms if
needed.
Table I shows the specifications of the various (low-cost)
sensors our students had at their disposal for their projects
and the corresponding physics measurements that can be
performed. The diversity of the projects is obviously linked
to the variety of sensors available. These sensors do not have
the sensitivity of lab-quality equipment, but they offer a
wide range of physics phenomena that can be measured and
studied.
All in all, not counting the computers used for data analysis, the total cost of the materials used in each student project
was less than $100. So with a total budget under $2000 and
some computers, it is possible to successfully organize a
physics project-based lab for about 20 students.
At first, the Arduino and sensors presented here were chosen mostly because of their low cost, allowing us to test this
teaching with no financial risk. However, we realized that
using low-cost hardware also had an influence on our pedagogy; instructors can encourage students to experiment on
whatever they think is interesting, even at the risk of damaging the equipment. One or two Arduino boards were damaged during the projects, which is a small price to pay for
complete student autonomy. We argue that such autonomy
played a role in the success of these projects, for the students
as well as for the teachers.
IV. STUDENT PROJECTS
Prior to the project week, the question of whether Arduino
boards and low-cost sensors would allow students to perform
studies of interest for a third-year university physics curriculum was open. After completion of the projects, all 11 pairs
of students succeeded in producing a working experimental
setup and physical measurements, although some projects
were refocused and downsized as the week progressed.
Table II lists the projects that were carried out and shows the
diversity of topics that were studied. Generally speaking, in
five days, the open-project students had time to build a setup,
Bouquet et al.
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Table I. List of sensors and their specifications (most cost less than $10). This list gives an idea of the physics phenomena that can be studied, but is not
exhaustive; numerous other sensors exist.
Physical parameter
Voltage

Magnetic field

Range

Resolution

Arduino board analog input
voltage amplifier for thermocouple
MAX31855
Arduino board analog output

0–5 V
Typical 10–40 mV

5 mV
10 lV

0–5 V, limited at 40 mA

20 mV, pulse-width
modulation
4G
"1 to 5 mG

!2000 to 2000 G
!8 to 8 G (variable)
Not calibrated
–250 to 1300 $ C
–250 to 100 $ C
Not calibrated
0–1000 lx
Dynamic range from 0.1 lx
to 40,000 lx
Not calibrated

Tinkerkit T000070 Hall sensor
Three-axis HMC5883L magnetometer
Tinkerkit T000200 thermistor
K-thermocouple þ amplifier MAX31855
Arduino þ Pt100
Tinkerkit LDR sensor
Sparkfun temt6000
Adafruit TSL2561

Temperature

Light

Sound

Sensor

SparkFun Electret Microphone Breakout
BOB-09964
TinkerKit 2/3 axis accelerometer
ADXL335 accelerometer
FSR01 force sensing resistor
Strain Gauge based CZL 616 C þ thermocouple
amplifier MAX31855

Acceleration
Force

test it, and run a few series of measurements; more time
would be needed to perform a complete study. Here, we present three typical student projects that explore different fields
of physics.
A. Electrical properties of matter
With its analog inputs and outputs, the Arduino board can
be used directly to study electrical conductivity. A simple
voltage-divider circuit with a reference resistor in series
allows the measurement of a sample resistor through the analog input of the board. Changing the reference resistor of the
voltage divider allows scanning a large range of sample
resistance, from 150 X to 60 kX in this case. The temperature
can be determined with the same electrical circuit, measuring

Not calibrated
!3 to þ3 g
0.2–20 N
0–780 g

0.25 $ C
Typical 0.5 $ C
1 lx
Depends on the range

0.01 g
Non-linear
1g

the resistance of a standard Pt100 thermistor. Currentvoltage curves can also be obtained if the voltage-divider circuit is driven by the analog output of the Arduino board:
varying the output voltage thus varies the current flowing
through the sample. A simple low-pass RC filter should be
added since the analog output is actually a 0–5 V pulse with
a pulse-width modulated at 980 Hz, which needs to be averaged to produce a real dc voltage.1,24 The value of the current is measured by the voltage drop across the reference
resistor, and the value of the voltage is read directly. The students developed and carefully tested the measurement
circuits.
These students also worked on the sample-thermometer
thermalization and built a setup with a large thermal inertia
to control the rate of temperature variations. The sample was

Table II. List of students’ projects.
Project
Thermoelectric properties

Performed measurements

Sensors used for the project

Seebeck coefficient versus temperature for different metals

Arduino analog inputs, voltage
amplifier, Pt100
Arduino analog inputs, voltage
amplifier, Pt100
Arduino analog inputs and outputs,
voltage amplifier, Pt100
Hall sensors
Arduino analog input
Hall sensor
Electret microphone
Electret microphone
Arduino analog input
Arduino analog inputs, force sensing
resistors
Arduino analog inputs thermocouples and voltage amplifier

Superconductivity
Semiconductor
Ferromagnetism
Induction
Mechanical properties
Acoustic
Acoustic
Percolation
Scales
Peltier cell

218

Resistivity versus temperature
Resistivity versus temperature and Hall effect
Magnetization versus field for different ferromagnetic materials
Induced voltage in a coil for different geometries
Young modulus for different metals
Sound velocity
Sound absorption for different materials
Electrical conductivity of a mixture of metal and glass beads
Fabrication, calibration and test of reproducibility of a weighing
scale
Determination of a Peltier cell’s parameters
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force was applied using a plastic bottle as a variable weight
by varying the quantity of water inside. The students developed and optimized their setup and could study the effect of
the length and thickness of the rod on the deformation and
determine the Young modulus of the metal (see Fig. 3). They
compared their results for copper and steal with the literature
values, and found that their Young modulus value for copper
was almost twice the reported value27 (210 6 30 GPa instead
of 129 GPa). The students decided to check the nature of the
rod metal using the X-ray facility they had used in a previous
student lab. They found that the metal was really copper, as
advertised. Following a suggestion from their instructor, they
annealed their rod and realized that the mechanical properties
of the metal were modified.
Fig. 1. Current-voltage dependence of an LED at two different temperatures
(adapted from a student report). The noise in the low temperature data is
probably due to a degradation of the LED after being cooled down rapidly
with liquid nitrogen. Inset: temperature dependence of the threshold voltage.

C. Magnetic properties of matter

Various sensors can be used to measure a force and a displacement (see Table I). In the present project, the students
chose to measure the deformation of a rod when a load is
applied at its middle26 (see Fig. 2). To measure the displacement of the rod, a magnet was fixed at its center and a Hall
sensor was fixed on the table below to measure the magnetic
field created by the magnet. The value of the measured magnetic field was calibrated as a function of the distance to the
magnet. This setup has a resolution of about 1 mm on a 10-cm
range and excellent reproducibility. As shown in Fig. 2, the

This projects aims at measuring magnetization versus
applied field in various solid materials. A dc magnetic field
is applied by approaching a 3-cm diameter NdFeB magnet.
Varying the distance between the magnet and the sample
scans the applied magnetic field up to 2000 G, and reversing
the magnet gives a !2000 to þ2000 G range. A Hall sensor
is positioned close to the sample and measures the total magnetic field, which is the sum of the applied field and the field
created by the sample’s magnetization. The latter is directly
proportional to the magnetization of the sample. The applied
field must therefore be removed in order to isolate the magnetization signal. This can be accomplished by comparing an
empty run (no sample) to a full run (with a sample), ensuring
the reproducibility between runs by using a second Hall sensor to accurately measure the distance to the magnet. The
students built their experimental setup in incremental steps,
testing various designs. The reproducibility of the magnet
position measurement remained the main source of error. In
the end, their setup could measure the magnetization of a
sample, provided the magnetic field produced by it was at
least a few gauss at a distance of a few millimeters. This
setup is thus able to measure ferromagnetic and superconducting materials, but is not sensitive enough to measure
weaker paramagnets or diamagnets. The students measured
the magnetization of soft iron, the magnetization of a NeFeB
magnet, and how it is affected after annealing the magnet
above 500 $ C, and they determined the magnetic hysteresis
loop of a ferrite magnet (see Fig. 4).

Fig. 2. Experimental setup of the project studying the deformation of a
metallic rod with fixed extremities. The water bottle stands on a platform
that is free in the vertical direction. By adding water in the bottle, the weight
applied on the rod increases. A magnet is attached at the middle of the rod,
and a Hall sensor is fixed on the table below to measure the vertical deformation when the force is increased.

Fig. 3. Deformation of a copper rod vs applied force at the middle of the rod
(adapted from a student report). Different rod lengths are represented. The
slope of the linear fits is related to the Young modulus.

embedded in a beaker full of glass beads and liquid nitrogen
was used to provide cooling power. The students used their
setup to study different properties of a semiconductor. They
could clearly measure the exponential decrease of resistance
with temperature and extract the electronic gap of their sample, a NTC thermistor; they found the reasonable value of
0.22 6 0.01 eV. After verifying Ohm’s law on a resistor,
they performed I-V curves on an LED’s p-n junction and
showed that the value of the threshold voltage presents a
temperature dependence of !2 mV/K, a value consistent
with the literature25 (see Fig. 1).
B. Mechanical properties of matter
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Fig. 4. Magnetization of a ferrite magnet vs magnetic field (adapted from a
student report). The y-axis actually represents the magnetic field difference
(in gauss) measured by the Hall sensor between a run with the sample and a
run without the sample. The dashed line is a guide to the eyes. The asymmetry of the curve shows that the applied magnetic field is not large enough to
completely reverse the magnetic moment of the sample.

V. THE IMPACT OF THE OPEN LABS ON
STUDENTS AND TEACHERS
As we wanted to have some feedback from the students to
gauge their reception of these projects, we sent them a survey consisting of a series of open-ended questions. The goal

was not to assess students’ knowledge improvement, but to
see how their perceptions compare with our objectives.
Before the project week, at the beginning of the year, the
open projects were proposed as an alternative choice to the
more standard focused labs. Among 103 students, 50 chose
to follow the open projects, but a limit was set to 24 because
of practical constraints. Both open and focused projects were
held in parallel with a similar schedule (focused labs have a
two-day training period on a National Instrument data acquisition card and a five-day project period), with the same
instructors and similar students, allowing us to compare the
perception and opinions of students following the open
projects to those following focused labs. Not all students
answered the survey, so we compared 17 students for the
open projects and 21 for the focused projects. Table III
presents the questions and the answers classified in categories. These categories were determined by an a posteriori
analysis carried out by two authors independently to ensure
objectivity. Due to the relatively small number of participants, we will only use these survey results to discuss general
trends among students’ answers.
To the question “What is the contribution of this lab
week to your scientific formation?” the open-project student
answers put more emphasis on the experimental process
(65%), whereas a majority of focused-lab student answers
enters into the theoretical concepts category (57%). This significant difference mirrors the emphasis put on experimental
methods rather than theoretical concepts by the open labs.

Table III. Results of the students’ survey (17 answers for the open projects and 21 for the focused projects). Only the most significant answers are reported.
The percentages correspond to the fraction of answers that belong to a given category.
Open-project
students (%)

Focused-lab
students (%)

65

24

30

57

29

14

18
53

57
24

24

0

The total liberty we had: we had our own room, our
own setup, our own topic”, “the liberty, being able to
try things and fail”
“I appreciated the teachers’ trust”, “the exchanges with
the teachers”
“Group work”
“Having a lengthy student lab gives a different point of
view”

59

38

41

19

24
0

19
24

“Time?”, “more time”, “Time. It is a pity that it is so
short. I wouldn’t have mind having a week more”
“More precise equipment”, “better equipment”

59

38

35

24

82
6

76
14

What is the contribution of this lab week to your scientific formation?
Experimental capacities
“The most important thing I learned is how to interpret
data”, “I learned to perform experimental work”
Theoretical concepts
“Knowledge on transition phases”, “a better understanding of superconductivity”
Difficulty of doing an experiment
“Doing a proper measurement is not easy”
What was the impact of this lab week on you, on a personal basis?
Autonomy, patience and perseverance
“I grew in autonomy”, “patience, and not giving up”
Team work
“Team work […] communication, sharing of ideas and
point of view”
work organization
“Organization and a better capacity for team work”
What did you particularly appreciate in this lab week?
Autonomy and liberty

Interaction with teachers
Team work
Having five full days
According to you, what was lacking in this lab week?
Time
Better equipment
Would you like to have a similar lab week again?
Yes
No
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To the question “What was the impact of this lab week on
you, on a personal basis?,” teamwork and organization is
much more often quoted by open-project students than by
focused-lab students (53% vs 24% and 24% vs 0%). More
surprising is the low mention of autonomy by the openproject students (18%), especially compared to the focusedlab students (57%). However, to the question “What did you
particularly appreciate in this lab week?,” more than half
(59%) of the open-project students enjoyed being autonomous (compared to 39% for the focused-lab students). It is
interesting to note that the students appreciated the autonomy
during these projects, but did not acknowledge it as an
important factor in the previous question.
The interactions with the teachers were also often mentioned by the open-lab students: in 41% of their answers,
compared to 19% for the focused-lab students, whereas the
teachers spent as much time with both type of students. In a
PBL, the role of a teacher is more about mentoring, helping
students to reach their own decisions, than teaching in the
traditional sense. In the open projects, every setup is as new
to the teachers as to the students, and it seems that the students were sensible to the different dynamic it creates.
To the question “According to you, what was lacking in
this lab week?,” time was cited by 59% of the open-project
students (compared to 38% for the focused-lab students).
The need for better equipment was mentioned in a similar
manner by the open-project (35%) and focused-lab students
(24%). This latter result is surprising since the equipment
used in the focused labs is often of laboratory quality, and
the budget for these labs is approximately e10,000 per-setup.
Finally, and importantly, to the question “Would you like
to have a similar lab week again?” only a marginal number
of students answered “no.” No difference could be observed
between open-project and focused-lab students.
The five instructors who mentored these labs (two of
which are authors of this article) were also asked about their
teaching experience. All teachers considered that the main
upside of these projects is that they constitute a good introduction to the experiment, that it gives students “a better
understanding of what measuring means.” Among other
upsides, autonomy and the fact that students can choose and
accomplish their own projects are often quoted.
As downsides, it was noted that the students often focus
on the experiment itself to the detriment of the physics at
play and the analysis of the data, which could have been
pushed further in many projects (“students did not push
enough their experiment”). Some students seemed to think
that obtaining data was enough to complete a study, and
failed to analyze their results as thoroughly as possible to
obtain more physical information.
To avoid student frustration resulting from poor data,
clearly defining the goals of a project appears essential, as is
well known for PBL.9,14 Also, the difficulty of mentoring was
noted: “difficult to know how much to help the students, and
not doing the project in their stead.” The importance of the
instructor’s role in a PBL activity is well documented;9,12,13
in our case, we think that the condensed period of time dedicated to the projects increases the importance of this point.
Last but not least, all teachers enjoyed mentoring the open
projects and are willing to do it again in the coming year.
They appreciated the variety of the projects, the pleasure of
the challenge for the teacher, and of discovering new things.
PBL is known to engage students and to increase their motivation; it can also be engaging for the teachers.
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VI. CONCLUSION
New low-cost technology, such as the open-source
Arduino microcontrollers and associated sensors, opens the
route to simple implementation of project-based physics student labs. This article describes a practical framework for
such labs. We demonstrate that within this framework, students can perform pertinent studies of physical phenomena
at the level of third-year university curricula even with this
low-cost equipment. Our survey of students’ and teachers’
perceptions suggests that students felt engaged by their projects, discovered experimental physics, and appreciated this
intense lab week. The majority of the students mentioned
better experimental methods as a contribution to their scientific formation. Even though a quantitative assessment of the
students’ knowledge and skills improvements during these
labs was not carried out, our study suggests that the knowledge gained by the students is less conceptual than in a traditional student lab and more centered on soft skills, such as
autonomy and team work.
Beyond this particular PBL framework, the possibility to
do physics experiments with low-cost hardware opens some
interesting possibilities. For example, such an approach
could be used to develop university physics curricula in
emerging countries where limited funding is available to
build new labs. It could also be used to let the students perform experiments outside of the university itself. One could
imagine a physics curriculum that includes homework with
“do-it-yourself” experiments using Arduino boards and simple electronic sensors that could be lent to students, with
tasks or challenges corresponding to the lesson of the day. It
could also be particularly useful in the case of an online education curriculum, such as a MOOC (massive open online
course) type of approach. Finally, the development of similar
Arduino teachings in other universities could encourage new
types of exchanges among physics teachers and students all
over the world.
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