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Abstract
A concept for undergraduate mechanics courses at universities is introduced
where traditional pencil-paper based exercises are partially replaced by
experimental exercises, in which smartphones are used as measurement
devices. A detailed guidance for practical realization and implementation of
these tasks formats into the course is presented. Three smartphone-based
experimental exercises ‘The tilting smartphone’, ‘The oscillation balance’
and ‘Using the Smartphone in a Torsion Pendulum’ are presented. First
empirical results with respect to the learning achievement indicate a mid size
effect on the understanding of the physical concepts. Compared to the
traditional pencil-paper based exercises, the students performance in the
experimental exercises is slightly lower, although the motivation to solve
these tasks is higher.
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1. Introduction
In recent years smartphones and their internal
sensors have been used as valuable tools
for physical experiments in introductory
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experimental lectures [1–3]. Thesemobile devices
can be used to measure physical quantities like
acceleration [4–9], angular velocity [10–14], air
pressure [15–17] or the magnetic flux density
[18]. Therefore they are applied in various exper-
imental setups [19]. In addition smartphones as
experimental tools for physics education offer
many advantages like user-friendly interfaces and
the plurality of applications.

The benefits of using smartphones in
education for the conceptual understanding are
still discussed in the literature. In [20, 21] it is
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argued that the use of smartphones and tablets
and the implementation of laboratory work do not
have an advantage for the learning achievement of
the students. In contrast, other authors showed that
smartphones and tablets as experimental tool are
an attractive and effective way to foster the motiv-
ation, the interest and the learning achievement
[22–25]. Especially the topic of the harmonic
oscillations is suitable to increase curiosity and
motivation as well as conceptual understanding
of the learners when students learn how to work
with smartphones or tablets as experimental tools
[22, 24, 26].

The use of smartphones offers the possibility
to implement laboratory-like activities during the
self-study time and to focus the problem solving
process. We denote such experimental exercises,
in which students work on interesting and authen-
tic physical problems with their smartphones as
experimental tools as the smart physics lab.

In this paper we present the integration of
smartphone-based experimental exercises in the
weekly worksheets, where pencil-paper based
exercises where partially replaced for the students
of an undergraduate course for physics teachers
trainees at our university. At first the implement-
ation and the content of three smartphone-based
exercises are presented and discussed. Afterwards
we compare the students performances in the new
experimental exercises with the traditional paper-
pencil based exercises. We also include a quant-
itative measurement of the learning achievement
for one of the presented tasks. In our view, the
presented approach is also a new possibility for
exercises for other undergraduate physics courses,
because the basic organization of such courses is
nearly the same inmany national and international
universities.

2. The smart physics lab

2.1. Implementation and content

The introductory physics courses for physics
teacher trainees at our university consist of two
separate lectures (2 × 1.5 h, per week), one recit-
ation (1 × 1.5 h, per week) and a lab-course
at the end of the term. Traditionally the stu-
dents get weekly worksheets with four or five

pencil-paper-based problems, of which they have
to solve at least 50% in order to get the per-
mission for the exam at the end of the semester.
Biweekly one of the pencil-paper-based exer-
cises was replaced by a smartphone-based experi-
mental exercise to establish the theory-experiment
interplay and to foster the students’ construc-
tion of knowledge and their understanding of
physics.

Students are required to write a short report
for each experimental exercise, consisting of a
description of the experiment with the relevant
equations, the experimental setup and the pro-
cedure, the representation of the measured data
including their analysis and the estimation of the
of measurement uncertainties. The short reports
have an unitary standard of evaluation. For a com-
plete and exact solution the students receive ten
points for the experimental homework. In com-
parison, for the correct solution of the pencil-
paper exercises the students get between four and
eight points per exercise depending on its com-
plexity. Throughout the whole course all col-
lected points of the homework are summed up.
One third of the total points may be collected
by the new experimental smartphone-based exer-
cise and two thirds by the traditional pencil-paper
exercises.

In order to support the students to solve the
smartphone-based experimental exercise a gen-
eral introduction into the experimental exercises
with the smart physics lab and into data ana-
lysis of the digital recorded physical quantities
are an integral part of the first two physics lec-
tures and the first recitation. In particular, we
present a detailed demonstration experiment using
the smartphone for simultaneousmeasurements of
linear acceleration and angular velocity to prove
the relationship between both quantities for a rota-
tional motion.

The topics for these biweekly smartphone-
based exercise are coordinated with the content
of the lecture. During the lecture similar demon-
stration experiments are shown, visualizing the
physical content of the topic (see figure 1). Once
the students received the experimental homework,
they may attend an additional tutorial, during
which the topic of the experiment is explained and
discussed with the students.
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Figure 1. Integration of the educational concept of the smart physics lab in the introductory mechanics course.

During the tutorial and the recitations, the stu-
dents obtain the possibility to discuss their exper-
imental problems. It is important that students
understand the relevant physical assumptions
of the experiment and possible limitations of
their set-up and their measuring devices, i.e.
their smartphones. E.g., the maximum recordable
angular frequency of the MEMS-gyroscope of
the smartphone might be to small for the chosen
experimental set-up or it supplies data with an
insufficient resolution or signal-to-noise ratio for a
reliable data interpretation. These restrictions are
discussed in the tutorial to find workarounds.

2.2. Practical realization

In order to make sure that students have the mater-
ial for the experimental setup they receive a pack-
age with the required material. These packages
include paper clips, reclosable bags, rubber bands,
Velcro fasteners, a thin wire and a spring [27].
For data acquisition we recommended the applic-
ation phyphox (RWTH Aachen, Germany) which
is available for android and iOS smartphones.
This app can access nearly all available sensor
and allows a remote control data acquisition via
Wi-Fi. Therefore, the students are able to record
the data with one smartphone and to start and
stop the measurement with another device without
interfering with the experiment [1, 16]. In cases
where the smartphone of the students might not
be equipped with the necessary sensors to solve a
specific experimental task we lend suitable smart-
phones and tablets to the students upon request.

3. Example exercises of the smart physics
lab
In the following sectionwe present three examples
of smartphone-based experimental exercises for
the smart physics lab. In the first task the tilt-
ing motion of a smartphone is investigated [10] to
determine its moment of inertia. The concept of
rigid bodies, rotational motion and conservation
of energy needed to be applied. In the second exer-
cise the smartphone is used to construct an oscilla-
tion balance to determine unknown masses [9], in
which Hooke’s Law and the concept of the oscilla-
tion motions are required. In the third exercise the
smartphone is used to construct a torsional pendu-
lum [11] to determine the shear modulus of a thin
wire. To solve the task the concepts of the deform-
able solid bodies and of the free damped oscillator
need to be applied. For a complete description
of the experiment and the solution of these three
exercise tasks we refer the reader to the [9–11]. In
the following, we present the texts of these exer-
cises including hints which we provide to the stu-
dents in our course.

3.1. The tilting smartphone

The text of this experimental exercise is: ‘Ana-
lyse the tilting motion of your smartphone with
the assistance of the MEMS-gyroscope and pro-
duce the angular velocityω(t) graph of themotion.
Calculate the moment of inertia of the smartphone
with the measured data. Compare this result with
the moment of inertia calculated via the mass and
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the dimension of your smartphone’. In order to
guide our students to the solution of this task,
we provide support with the following detailed
hints:

• A tilting motion of the smartphone is a rota-
tional movement from an instable equilibrium
state (e.g. standing perpendicular on one edge)
to a stable equilibrium state (e.g. lying face
up) under the influence of the gravitational
force.

• Let your smartphone tilt freely around the x- or
the y-axis of the internal MEMS—gyroscope.
Please perform the experiment on a soft mat in
order to protect your smartphone.

• The smartphone may be considered as a homo-
geneous cuboid.

• Before you start the experiment prepare the
energy conservation law for the tilting motion
and a concept how to analyse the recorded ω(t)
data.

• Consider the parallel axis theorem.

3.2. The oscillation balance

The text of the second experimental exercise is:
‘Construct an oscillation balance with your smart-
phone and the supplied spring. Measure the oscil-
lation period T of the balance and determine the
mass m of an unknown item. Compare this result
with the mass measured with a digital balance and
discuss your result’. In order to guide our students
to the solution of this task, we provide the follow-
ing detailed hints:

• Use the sensor ‘acceleration without g’ of your
smartphone in the phyphox-app.

• Consider Hooke’s law and use small oscillation
amplitudes.

• Make sure that the damping is not to strong. If
possible record ten complete oscillations.

• Before you start the experiment prepare
an equation, which describes the measure-
ment principle without the use of the spring
constant D.

• Attach your smartphone carefully with the
fastening materials.

• Calibrate your oscillation balance with a known
mass, e.g. of your smartphone itself.

3.3. Using the smartphone in a torsion
pendulum

The text of the third experimental exercise is:
‘Construct a torsional pendulum with your smart-
phone and a thin wire. Measure the oscillation
period for each principal axis of your smartphone.
Calculate the directional moment and the shear
modulus G of the torsion wire’. We provide sup-
port with the following detailed hints:

• Use the MEMS—gyroscope of your smart-
phone in the phyphox-app to determine the
angular frequency and oscillation period.

• The smartphone as pendulum bob can be
approximated as a homogeneous cuboid.

• Make sure that the smartphone is attached to the
thin wire in a way that the axis of rotation cor-
responds to one of the axes of symmetry of the
smartphone.

• Start the rotational oscillation carefully by
twisting the smartphone out of the equilibrium
position.

• To obey Hooke’s law for shear stress use an ini-
tial amplitude of the angle of rotation not larger
than 270◦.

• Consider that friction causes a decaying amp-
litude and a slight increase of the period of the
damped oscillation.

• For an optimal data acquisition adjust the oscil-
lation period by modifying the wire length
to obtain oscillation periods between two
and 20 s.

4. Results and discussion
The smart physics lab is an integral part of our
introductory mechanics course for physics teach-
ers trainees since winter term 2018/2019. At the
end of the courses 2018/2019 and 2019/2020 we
performed a survey under the participating stu-
dents to get feedback for our educational draft.
The predominant evaluation of the students was
positive. The students confirmed that the new
smartphone-based experimental exercises motiv-
ated them to learn and read more about the con-
cepts from the lecture. Additionally, they said
that the smartphone-based experimental exercises
foster their interest for experimental mechanics.
Especially the detailed hints in each exercises
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Figure 2. The distribution of the students performance in the pencil paper exercises and the experimental task in
the winter term 2019/2020.

helped the students to solve the smartphone-based
exercises. Only the time consuming report pre-
paring was criticized by the students. This first
results from the evaluation are in agreement with
recent reports [22, 23, 28], where the fostering
effect of multimedia-based learning setups to the
motivation and the interest of the students was
investigated.

Figure 2 shows a comparison of the students
averaged performance in the two different types
of exercises for the winter term 2019/2020. The
average performance in the pencil-paper exer-
cises is nearly 66%–75% of the assigned points.
In comparison, the average performance in the
experimental task is 56%–65%. It is obvious
that the averaged performance of the students is
better in the pencil-paper exercises. One reason
for this might be the increased complexity of
the experimental tasks. As pointed out in [26],
performing the experiment requires more skills
and knowledge as a simple pencil-paper exer-
cise, since student have to analyse data and com-
pare the experiment with the theoretical model
by themselves during the problem-solving pro-
cess. Further reasons for different performances

in both exercise types are the students motivation,
their curiosity and the cognitive load. In order
to investigate the influence of these learning
factors we currently perform an empirical study
how the smartphone-based experiments increase
the learning achievement, the motivation and the
curiosity of the students in comparison to the
pencil-paper exercises. The design of the study
is a quasi-experimental control-treatment group
intervention in which physics teacher trainees and
physics students participate.

In a small study, in which 71 students parti-
cipated, the effectiveness for the learning achieve-
ment in conceptual knowledge of the rotational
motion of rigid bodies was tested. The study was
conducted before and after the students performed
‘The tilting smartphone’ experimental exercise
in a pre-post test design. The students answered
five multiple-choice questions as pre-test and five
multiple-choice questions as a post-test. These
were partially adapted from a validated con-
ceptual test [29] and supplemented with items
inspired by questions from physics textbooks
[30–32]. The questions dealt with the rotational
energy, the angular velocity and the moment of
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inertia. To measure the learning achievement the
Hake index g was calculated (see in [33, 34]). For
analysing the learning achievement the pre- and
the post-test data were evaluated. This results in
an averaged learning achievement g= 0.31 show-
ing that our approach with the smartphone-based
exercises has a mid size effect on the understand-
ing and the application of the underlying physical
concepts [35].

Overall the analysis of these data shows that
the approach with the smartphone-based experi-
mental exercises was successful. It suggests that
the smart physics lab encourage the motivation,
the interest and the conceptual knowledge of our
students [22, 23, 26] since the interaction link
between the theory-experiment is intensified. The
experimental activities and the analytical skills
which are integrated to the problem solving pro-
cess promote the conceptual understanding and
can help the students to full-fill higher expecta-
tions during successive lab courses [24–26]. Our
approach may be adapted by others lecturers at
universities because the classical course-structure
is not altered.

5. Conclusion
In this paper we presented the implementa-
tion of smartphone-based experimental exercises
which we integrated into the weekly worksheets
in the introductory mechanics course for phys-
ics teacher trainees. With the broadly available
internal sensor-based measurement technology of
the smartphones our students develop their own
experimental setups. The task format offers a
theory–experiment interplay which we consider
beneficial for experimental physics education.
This theory-experiment interplay represents an
important difference compared to typical pencil-
paper based tasks. The experimental tasks offer a
significantly different approach to physics by let-
ting the students take part in the experimentation
actively by applying their knowledge in a practical
way. Therebywe assume that the understanding of
the principles of physics is supported.
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