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Foreword

Swiss Pocket knife, indeed! This metaphor might need some explanation for some,
but it does seem right on target to me, so please indulge me while I reminisce a bit. In
my younger days, I kept an actual Swiss Pocket knife with me all the time, and it
seemed a critical part of the prepared physics teacher’s equipment—I found myself
using my it most every day to cut string or duct tape, or to open boxes or dig holes or
fashion cardboard lens holders or any number of other essential physics teacher
tasks. But then 9/11 happened and if you traveled much at all, you couldn’t risk
carrying your Swiss Pocket knife on your person and having it confiscated and
yourself detained, so it went into back drawer somewhere and saw much less use
than before. Now I no longer carry a knife in my pocket, but the essential piece of
physics teacher equipment that has replaced it in many regards, is the cell phone, at
least in my case. It is more versatile than the knife in many regards, but in my ideal
world I’d have them both at my fingertips when teaching.

When Jochen Kuhn and Patrik Vogt first proposed a column for The Physics
Teacher on the topic of using cell phones in the classroom, I can imagine there were
many skeptics—after all, some teachers were still not allowing calculators in the
classroom, if I remember correctly! Their first column was a beautiful piece1 about
using a cell phone to detect diffraction from an infrared remote-control device,
inspiringly simple and satisfyingly packaged, but could there be enough other
good ideas to generate a quality article every month? It seems even the TPT editor
at the time, Karl Mamola, was unsure whether this idea would be sustainable as a
regular TPT feature.

In fact, the “Column Editor’s Note” that served to introduce this new TPT feature
to readers included this caveat, “We will publish ‘iPhysicsLabs’ on a trial basis for a
number of months; depending on reader response it may evolve into a regular TPT
column.”

However, even back in February 2012, when this first column appeared in TPT,
Kuhn and Vogt seemed to know that this bit of technology was to be a key part of the
physics teacher’s tool kit for many years to come. In describing the kinds of
submissions they hoped to receive, this wildly optimistic pair of physicists had

1Phys. Teach. 50, 118 (2012); https://doi.org/10.1119/1.3677292
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clear ideas about what would work best, writing: “The column will feature short
papers (generally less than 1000 words) describing experiments that make use
of the sophisticated features of mobile media devices produced by various
manufacturers . . . The contributions should include some theoretical background,
a description of the experimental setup and procedure, and a discussion of typical
results.” Kuhn and Vogt have stayed true to this original vision, describing many
dozens of clever physics experiments described within the column, and providing
teachers everywhere with a host of options for tomorrow’s classroom. Some ideas
came from Kuhn and Vogt directly while many others were contributed by TPT
readers—apparently readers were so responsive that the column is still going strong
after 10 years! . . . And such variety! Topics range from acoustics to mechanics to
optics to electromagnetism to radioactivity to thermodynamics to astronomy to
almost anything that an introductory physics teacher could imagine wanting to
present in their classroom.

Their column has become one of the most long-running columns in TPT, being
downloaded many times by teachers all over the world within a short period after
appearing. In late 2013, when I inherited The Physics Teacher editorial role from
Karl Mamola, the iPhysics column was firmly established as a regular feature with
Kuhn and Vogt as Column Editors. I am so glad that they persisted these past 10
years to produce such a powerful collection of physics experiments that can be done
with a pocket device. To have them all in one place, complete with an introductory
piece to flesh out some of the logic behind why mobile phone media can be a key
part to effective physics pedagogy, is a real benefit to the physics teaching commu-
nity. Thank you, Jochen and Patrik, for sharing your knowledge and experiences in
this way, and congratulations on the tenth anniversary of a truly valuable enterprise!

American Association of Physics Teachers
College Park
MD, USA

Gary White
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Smartphones and Tablet PCs: Excellent
Digital Swiss Pocket Knives for Physics
Education

1

Jochen Kuhn and Patrik Vogt

Smartphones and tablet PCs are increasingly part of our everyday life—for both the
younger and the older generation. Tablet PCs are also increasingly being used in
schools, although such devices have primarily been used so far as a substitute for
notebooks (e.g., as cognitive tools). Smartphones, however, pose several problems
in everyday school life, since for instance they can be distracting or cause
disturbances. However, considering their technical possibilities, and learners’ deep
familiarity with the devices, targeted use of these technologies has long been
identified as a possible means to enrich lessons [1].

In addition to the frequently described uses of these technologies, such as for
research, as cognitive tools, or for communicating, they can also be used as experi-
mental tools, especially in science classes. Inspired by the early article of Raymond
F. Wisman and Kyle Forinash [2], we took our own first steps in this direction in
2009/2010 [3, 4] and recognized very quickly the tremendous opportunities in this
idea. Following this, we wanted to extend this “lab in the pocket” idea by integrating
it into well-established learning theories and systematically studying these
opportunities across a broad range of physics topics. Although we did not set out
to found a new direction, we wanted to establish this initiative through collaboration
by inviting as many colleagues as possible to join with us. This led us to the idea for
starting the “iPhysicsLabs” column in The Physics Teacher [5]. And now, after
10 succesful years and some breakthrough ideas delivered by different colleagues, it
has been a pleasure for us to have brought together so many colleagues from all over
the world to work on this fruitful topic. What is more, it seems that we are just at the
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beginning of our journey, as more and more colleagues engage with our idea by
developing their own respective apps, such as the Physics Toolbox from Vieyra
Software in 2013, phyphox from RWTHAachen in 2016 [6], and PocketLab, as well
as building further communities, such as SmarterPhysics by Martín Monteiro et al.
and the Smarte Physik column [7].

Therefore, in this chapter, we give a summary of the basic ideas of this approach,
reasons for its promise, and how it can be further developed.

1.1 Mobile Mini-Labs for Teaching and Learning

Mobile communication technologies can be used for a wide range of experiments,
especially in physics, as they are equipped with different internal sensors that record
physical data. These include, for example, microphone and camera, accelerometer,
sensors for magnetic field strength, illumination, or brightness sensors, a gyroscope,
GPS receiver, and sometimes even temperature, pressure, and humidity sensors. The
original reason why the sensors were installed was of course not purposes to
implement them for experiments in science education. The acceleration sensor is
used, for example, to determine the device’s tilt and to adjust the screen to its
orientation. The magnetic field strength sensor is used as a compass to support
navigation using the smartphone or to inform the user about position-specific
environmental data (temperature, air pressure, humidity, etc.). However, physical
data recorded by the internal sensors can be used beyond their actual function with
the aid of apps, so that both qualitative and quantitative experiments are possible
across a wide range of subject areas, and particularly for physics lessons.
Smartphones and tablet PCs thus represent small, portable measurement laboratories
that can replace confusing experimental apparatus. Furthermore, they are well
known to learners in their everyday lives, which means that a high level of
familiarity with their operation can be expected. Many experiments that can be
carried out with mobile communication media were previously only possible with
the support of computers and sensors, and some of these were expensive and difficult
to operate. In contrast, experiments with the internal sensors of smartphones or tablet
PCs can be carried out and evaluated more easily due to the intuitive usability of the
apps, so that a stronger focus on physical content is possible.

The papers of this book discuss numerous topics of physics, and its structure
corresponds to that of a typical standard work on experimental physics. We start with
kinematics and dynamics (Part II), such as with ball velocity, free fall, and the
Atwood machine. The reader will find impact processes in Part III, before the topic
of rotation (Part IV) is addressed in detail. Topics include the direction of accelera-
tion, angular momentum, and the SpillNot, which enables full glasses to be
transported without spilling. In the following parts, deformable bodies (Part V)
and pendulum experiments are discussed (Part VI), before we enter the broad field
of acoustics (Parts VII–IX). Among other things, numerous variants for the determi-
nation of the speed of sound in gases and solids, as well as various everyday
phenomena such as the knuckle cracking, opening wine bottles, and the physics of
church bells, are presented here. Some experiments on thermodynamics (Part X),

4 J. Kuhn and P. Vogt



electrodynamics (Part XI), and optics (Part XII), as well as astronomy and modern
physics (Part XIII), complete the edited volume.

1.2 Good Reasons for Learning with Mobile Mini-Labs

Apart from the fact that smartphones and tablet PCs are technically and practically
suitable for experimental use in physics education, there are also reasons for their
meaningful use based on learning theories.

First, the use of the devices as experimental tools in science lessons is didactically
justified by the everyday relevance of the smartphone or tablet PC. Thus, it can be
classified in well-founded theories of cognitive science, namely situated learning
(e.g., [8, 9]) and context-based science education (see, e.g., [10]). The assumption
here is that, in addition to the authenticity (in the sense of everyday relevance) of a
topic, the authenticity of the media used in experiments also has a positive influence
on learning in physics education (so-called material situatedness). Specifically, this
assumption means that learners’ cognitive and motivational learning success with
respect to experiments in physics classes is greater when they investigate a physical
phenomenon with experimental media that they use in their daily life [11].

In addition, students are assumed to have an enhanced experience of autonomy
when using smartphones and tablet PCs [12, 13]. For example, they can use a tablet
PC to independently record a self-selected movement process, directly analyze and
evaluate their “own” videos (captured with their own device) using a video analysis
app on the same tablet PC, and conduct similar, repetitive, or advanced experiments
with a mobile medium outside of school.

In contrast to “conventional” experiments, such mobile technology can also be
used to provide multiple representations for students already during and directly
after the experimentation (automatic visualizing measurement data as diagrams and
tables of values, formulas, vectors or images). The integration and presentation of
this multimedia content is done considering of the Cognitive Theory of Multime-
dia Learning (CTML) [14]. Through active information processing, the coherent use
and construction of multiple mental representations is to be promoted. The compe-
tent use of these multiple representations such as pictures, diagrams, formulas, and
vectors—i.e., the ability to interpret external forms of representation, generate them
independently, and switch between different representations flexibly and purpose-
fully [15]—are summarized under the term of (conceptual) “representational com-
petence” [16, 17].

The important role of representational competence for scientific thinking and
learning is well documented for science in general [18] and for different individual
disciplines (biology [19]; chemistry [20]; physics [21, 22], and mathematics
[23, 24]). Representational competence as a prerequisite for the use of multiple
representations in terms of domain-specific thinking tools is of high importance for
other abilities, e.g., conceptual understanding [25, 26], “construction and reconstruc-
tion of meaning” [27], reasoning [28–30], problem solving [16, 30], and creativity
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[31]. Against this background, it becomes clear why this competence is discussed for
STEM subjects in general as a necessary prerequisite for the formation of deeper
understanding [16, 32]. Etkina et al. [33] even mentioned it as the first of seven
discipline-specific skills that should be trained.

On the other hand, research findings indicate that competent handling of
representations is of considerable difficulty for learners [34, 35]. Empirical evidence
for this exists from primary [34] to secondary [36] and university levels [37]. Of
course, using the representation possibilities especially of smartphones and tablet
PCs only makes sense if students have previously practiced converting measurement
data into different forms of representation by hand. In addition, apps often offer
forms of representation that are unsuitable for the data in question (e.g., bar charts,
where line charts or dot plots would be necessary). This should also be addressed in
class.

Since the idea of using smartphones and tablet PCs as experimental tools in the
classroom is still relatively new, there are still hardly any published findings on the
effectiveness of their use in this way. In the field of physics, however, it is possible to
draw on the initial results of some studies published to date on this topic.

A first pilot study on the use of smartphone experiments in physics classes dealt
with the topic of acoustics (secondary level 1) [11]. During two-weeks of physics
lessons, the classes each worked in groups on four different learning stations with
experiments convering topics of beat frequency, types of sound, sound velocity, and
sound propagation. The content, scope, and difficulty of the experiments, as well as
the instructional materials of the learning stations in the two classes, were identical
and differed only in the experimental material used. In order to track the motivation
and learning performance of the students, the necessary data were collected directly
before and after the intervention as well as five weeks after the completion of this
teaching sequence using curricular related tests and questionnaires. It was found that
the time course of performance and the learners’ knowledge differed significantly
between the two groups. In the group of students who worked with smartphone
experiments, performance and their self-efficacy expectations were more enhanced
and stabilized, respectively, than in the group with conventional experiments. Even
though motivation as a whole was not influenced differently, the motivational aspect
of “self-efficacy expectation” in particular, which is significant for context-oriented
learning, could thus be supported, although it is considered difficult to change.

In a second study in university introductory physics courses in mechanics,
positive effects were also found when using tablet PCs for mobile video analysis
on the physical concept of understanding in mechanics as well as on the students’
self-concept [17, 38, 39].

The third study investigated smartphone experiments in classical mechanics at
secondary level 2 (grade 11) using smartphone internal acceleration sensors
[40]. Similar to the previous two studies, an quasi-experimental pre-posttest
treatment-control group design was used to investigate the effects of smartphone
used as experimental tools on interest, curiosity, and learning outcomes. Learners in
the smartphone groups showed significantly higher interest in physics after the
study. In this regard, especially such learners in this groups who were less interested
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at the beginning of the study benefited the most. In addition, learners in the
smartphone groups showed higher curiosity. No differences in learning performance
were found. This means that the use of smartphone experiments can promote interest
and curiosity without reducing learning performance.

A fourth study analyzed the learning efficacy of using tablet PC-based video
analysis of motion in the subject area of mechanics in secondary level 2 physics
classes [41]. Again a quasi-experimental field study was conducted in a pre-posttest
design with control and intervention groups. The study included two essential topics
of mechanics: uniform motion and accelerated motion. The results demonstrated
significantly higher learning performance related to understanding physics concepts
through the use of tablet PC-based video analysis compared to traditional instruction
in both topics, with the larger effect in the more cognitively demanding topic of
accelerated motion [42, 43]. These results could be reproduced by a further study
from Hochberg et al. [44].

These first studies on the use of smartphones and tablet PCs as experimental tools
did not, of course, allow any general transferable findings, for reasons such as their
small number of participants and the limitation of topic reference and addressee
group. However, they have provided indications of initial trends and of questions
that are still valid and currently being investigated in further studies with a larger
number of participants, different groups of addressees (schools and universities) and
other subject areas.

1.3 Summary

In this introductory chapter, we described why smartphones and tablet PCs are
particularly well suited for experiments in physics education. Furthermore, we
explained with reference to established learning theories why students can be
expected to learn better with them. Initial studies show positive learning and
motivation effects.

Of course, this is only possible if teachers develop suitable instructions and
implement them appropriately into their lessons. A logical conclusion from this is
that such examples must be integrated even more strongly into teacher training. The
following chapters describe numerous tested experiments that can also be used very
well for this purpose.
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Determining Ball Velocities
with Smartphones 2
Patrik Vogt, Jochen Kuhn, and Denis Neuschwander

The use of a smartphone’s microphone for quantitative analysis in the field of
“acoustics” will be discussed in coming chapters of this book, including the analysis
of different sources of sound (Chap. 48) [1], the determination of the speed of sound
in various gases (Chap. 43) [2], and the examination of acoustic beat frequency
phenomena (Chap. 49) [3]. Acoustic data logging can also be very useful in teaching
mechanics, for example, to determine g on the basis of bouncing balls (Chap. 12) [4]
or on the basis of the Doppler shift [5] (for an overview, see Ref. 6). This chapter
adds further to the applied acoustics repertoire and presents an experiment on the
determination of the mean velocity of driven or kicked balls.

2.1 Theoretical Background and Execution of the Experiment

Determining the mean velocity of driven and kicked balls by means of acoustics is
not new. It has already been discussed by measuring the speed of a soccer ball using
a sound card and an external microphone [7]. The basic principle is easy to
understand: a sound signal results from kicking the ball. Then this signal is registered
by the microphone with a slight delay. The same effect is valid for the ball’s impact
on the wall. If the microphone’s distance from the kicker is identical to its distance
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from the wall, the ball’s flight time is the same as the period of time that passes
between both registered sound signals (Fig. 2.1). Dividing the person’s distance D
from the wall by the measured time will reveal the mean velocity of the ball in a very
precise way. A smartphone using an oscilloscope app [8] has many advantages over
computers, e.g., a higher mobility and a constant availability. The screen shot of the
Oscilloscope App in Fig. 2.2 shows the measurement of a driven table-tennis ball
with a distance of 2 m from the wall. The mean velocity of 10.9 ms�1 results from

Fig. 2.1 Experimental setup

Fig. 2.2 Screen shot of the Oscilloscope App. The first peak shows the impact of the ball on the
table-tennis paddle, the second one shows the impact on the wall. The time difference can be found
in the app (see red circle)
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the actual flight time of 183.8 ms. The following paragraph contains the outcome of
several series of measurements. Five different sports have been chosen (table tennis,
beach paddle ball, soccer, badminton, and volleyball) to investigate the influence of
gender and age on the mean velocity of a driven ball.1 Calculating the mean value
from 10 measurements for each person’s performance was necessary in order to gain
the highest possible accuracy.

2.2 Experiment Analysis

The results for the different sports are shown in Table 2.1. Typical distances during
regular play for each sports activity were used. The maximum mean velocities were
achieved in badminton (averaging 81.8 � 4 km/h). Since the amount of the random
sample was relatively small and the subjects were amateurs, the results cannot be
considered valid for competitive sports. We saw notable differences between the
speeds generated by males and females.

Three soccer teams were separately analyzed in order to examine the influence of
age on the mean velocity: a boys’ team with group members aged 11–13, a second
boys’ team with group members aged 15–17, and a men’s team with an average age
of 24.2 years. As expected, the ball’s velocity increases with age in the studied
groups (see Table 2.2).

Research shows that studying acoustic phenomena with mobile devices
integrated in a more sophisticated instructional setting could also increase
learning [9].

Table 2.1 Results for the
different sports (N is the
sample size, SD is the stan-
dard deviation)

Velocity in km/h

Sport (distance) N

Male Female

11 9

Table tennis
(2 m)

Mean 65.5 44.5

(SD) (12.5) (9.5)

Beach paddle ball
(3 m)

Mean 74.7 50.2

(SD) (13.5) (10.0)

Soccer
(5 m)

Mean 67.7 42.1

(SD) (8.9) (10.4)

Badminton
(3 m)

Mean 81.8 55.7

(SD) (12.8) (17.8)

Volleyball
(5 m)

Mean 53.4 35.6

(SD) (10.7) (5.9)

1Due to numerous students playing sports in their free time, they can easily conduct measurements
for physics or science classes.
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Table 2.2 Velocities in soccer depending on age (N sample, SD standard deviation)

Boys’ team
(11–13 years)

Boys’ team
(15–17 years) Men’s team

N 9 10 10

Age (mean) 12.2 16.4 24.2

Velocity in km/h Mean 52.9 79.1 88.5

(SD) (6.1) (4.3) (5.5)
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An Experiment of Relative Velocity in
a Train Using a Smartphone 3
Aan Priyanto, Yusmantoro, and Mahardika Prasetya Aji

When we travel in a train moving at a certain velocity, we observe the stationary
objects outside are moving backwards. These stationary objects seem to move due to
a relative velocity [1, 2]. Consider that the stationary object outside the train is a man
standing on the stationary floor watching a woman moving on a train. The woman on
a train will see the man moving backward with a similar velocity as her. In kinematics,
this magnitude of relative velocity will always be the same whether the man is far
away from or near the train, as long as he stands on the stationary floor [1, 2].

But in reality, an observer inside the train will see that each outside object has different
velocities according to its distance to the train. The closer the object to the train, the larger
the relative velocity of the object as perceived by the observer’s eyes. When the objects
are far away from the train, they seem to be moving slower than the nearby object.

Several papers have involved smartphones to support physics experiments [3–
7]. This chapter aims to provide a simple method using a smartphone app to analyze
and theoretically prove that any stationary object outside a moving train at any
distance has a similar relative velocity to the train.

3.1 Methods

There were several components required to perform this experiment:
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1. An Android smartphone capable of recording a video for analysis.
2. VidAnalysis app for Android that can freely be downloaded from the Google Play

Store.
3. Microsoft Excel to plot the data and create a graphical analysis.

We required a smartphone to directly record and analyze the motion of several
objects outside the train in a certain time as illustrated in Fig. 3.1. For the analysis
process, we have made calibration of the distances performed within the
VidAnalysis app with a known length placed in the path of the object movement.
The resulting time and x-distance data of the objects’ movement can then be
exported to Excel for graphical process.

3.2 Results and Conclusion

The result of video analysis using a smartphone and graphical analysis using Excel is
shown in Fig. 3.2.

The three objects shown in Fig. 3.2 have almost similar velocities. They have
about 28.4 m/s of average relative velocity to the train with a mean absolute
deviation 0.184. Theoretically, this velocity is also the moving train’s velocity.
Consider the objects A, B, and C outside the train moving with a velocity of vT as
illustrated in Fig. 3.3.

Figure 3.3 shows the position vector of objects A, B, and C expressed mathemat-
ically as in Eqs. (3.1–3.3).

rTA ¼ rT � rA ð3:1Þ

Fig. 3.1 Video shot for objects’ motion analysis
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rTB ¼ rT � rB ð3:2Þ
rTC ¼ rT � rC ð3:3Þ

While the train is moving, position vectors rA, rB, and rC are constant to the origin;
thus, we have Eqs. (3.4–3.6):

vTA ¼ drT
dt

þ drA
dt

¼ drT
dt

ð3:4Þ

Fig. 3.2 Time (in seconds) and distance (in meters) plot of three stationary objects located at
various distances from the moving train

Fig. 3.3 Vector analysis to
theoretically find the relative
velocities of objects A, B, and
C outside a moving train
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vTB ¼ drT
dt

þ drB
dt

¼ drT
dt

ð3:5Þ

vTC ¼ drT
dt

þ drC
dt

¼ drT
dt

: ð3:6Þ

Equations (3.4–3.6) confirmed that objects A, B, and C each have a similar relative
velocity to the train. There is no relative velocity between the near objects and the far
objects. The question is, “Why do the near and far objects seem to have different
velocity perceived by the observer’s eyes?” The answer is illustrated in Fig. 3.4.

Figure 3.4 shows that the near object A crosses the observable area sooner than
objects B and C. Object B passes sooner than object C. Object A requires 3�Δt to
leave the observable area, while object C as the farthest object needs more time,
9�Δt, to pass the observable area. The observer inside the train will see the farthest
object in a longer period of time than the nearest object. However, all the objects still
have similar relative velocity to the observer in the train.

Acknowledgments This work was sponsored by Lembaga Pengelola Dana Pendidikan (LPDP)
Republik Indonesia.

References

1. Serway, R.A., Jewett, J.W.: Physics for Scientists and Engineers (with PhysicsNOW and
InfoTrac), 6th edn. Brooks Cole, Belmont, CA (2003)

2. Walker, J., Halliday, D., Resnick, R.: Fundamentals of Physics. Wiley, Hoboken, NJ (2011)
3. Tuset-Sanchis, L., Castro-Palacio, J.C., Gómez-Tejedor, J.A., Manjón, F.J., Monsoriu, J.A.: The

study of two-dimensional oscillations using a smartphone acceleration sensor: Example of
Lissajous curves. Phys. Educ. 50, 5 (2015)

Fig. 3.4 Illustration of
objects A, B, and C as they
pass through the
observable area

20 A. Priyanto et al.



4. Vogt, P., Kuhn, J., Müller, S.: Experiments using cell phones in physics classroom education: the
computer-aided g determination. Phys. Teach. 49, 383 (Sept. 2011)

5. Kuhn, J.: Relevant information about using a mobile phone acceleration sensor in physics
experiments. Am. J. Phys. 82, 2 (Jan. 2014)

6. Azhikannickal, E.: Sports, smartphones, and simulation as an engaging method to teach projec-
tile motion incorporating air resistance. Phys. Teach. 57, 308 (May 2019)

7. Becker, S., Klein, P., Kuhn, J.: Video analysis on tablet computers to investigate effects of air
resistance. Phys. Teach. 54, 440–441 (Oct. 2016)

3 An Experiment of Relative Velocity in a Train Using a Smartphone 21



LED Gates for Measuring Kinematic
Parameters Using the Ambient Light Sensor
of a Smartphone

4

Witchayaporn Namchanthra and Chokchai Puttharugsa

Nowadays, electronic devices (especially smartphones) are developed to use as an
alternative tool for recording experimental data in physics experiments. This is
because of the embedded sensors in a smartphone such as the accelerometer,
gyroscope, magnetometer, camera, microphone, and speaker. These sensors were
used in physics experiments, such as the simple pendulum, spring pendulum,
coupled pendulum, circular motion, Doppler effect, and spectrum of light, as well
as video motion analysis (Chaps. 10, 27 and 32) [1–7]. This chapter describes a
method for measuring the position-time of a moving object using the ambient light
sensor of a smartphone. In the experiment, light-emitting diodes (LEDs), called LED
gates, are arranged with equal distance on an inclined plane. A smartphone is
attached to a cart and acts as the moving object on the inclined plane. With
the appropriate application, the ambient light sensor of the smartphone measures
the intensity of the LEDs with respect to time while the smartphone moves along the
inclined plane. The results obtained using the LED gates method are in good
agreement with that obtained using the video analysis method.

4.1 Theoretical Background and Experimental Setup

The experimental setup consists of an LED strip, a cart with an attached smartphone,
and an inclined plane. White LEDs are inserted into a 1.7-m wood strip with equal
intervals of 0.1 m. A smartphone (Samsung, Galaxy S4) is attached to the cart using
a plastic holder. The cart is made from an aluminum rail (20 cm) with four rubber
wheels (see inset in Fig. 4.1). The cart is inserted into the aluminum rail (2.0 m) and
is constrained to move on the inclined plane at 5.0�. The smartphone, which has the
phyphox app, is used to record the light intensity of the LEDs with respect to time for
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the moving object. The experimental data are emailed to the user for analysis.
Moreover, we use the video analysis method by shooting a video of the moving
cart using an iPhone 7S (at a frame rate of 30 frames per second) and performing an
analysis using the Tracker software to make a comparison with the LED gate
method. The position-time data are then plotted and used to calculate the average
velocity, which is obtained by using the equation

vn ¼ Δxn
Δtn

¼ xnþ1 � xn�1

tnþ1 � tn�1
, ð4:1Þ

where vn is the average velocity at position n of LEDs, Δxn is the position interval
n of LEDs, and tn is the time interval n of LEDs for the cart moving on the inclined
plane (n ¼ 1, 2, 3, . . ., 17); xn is constant and equal to 20 cm.

4.2 Experimental Analysis

Figure 4.2 shows an example of experimental data obtained using the ambient light
sensor of a smartphone. It plots the value of illuminance as a function of time for the
moving cart. When the cart passes through the LED, the peaks of intensity of the
LED appear. The time interval is measured at the middle of the peaks. Thus, we can
measure the position-time from the peaks of the cart passing through the LED gates
and calculate the average velocity of the cart at position n of the LED using Eq. (4.1).

Based on the experimental data (number of experiments ¼ 3 times), the position-
time and average velocity-time plots were drawn as seen in Figs. 4.3(a) and (b) (the
black open square), respectively. In Fig. 4.3(b), the cart moved with the increase of

Fig. 4.1 Digital image of the experimental setup (the inset shows a top-view image of the cart with
an attached smartphone)
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average velocity up to t¼ 1.5 s, and the average velocity reached a constant at about
0.50 m/s or terminal velocity. Based on the average velocity-time plot, it seems that
there is some retarding force acting on the moving object. This occurs because of the
friction force of bearing wheels of the cart. In the case of the retarding force, the
equation of motion shows that the moving object can be seen in the appendix
[8]. According to Eq. (A2) in the appendix, the fitting of the average velocity-time
yields the value of k ¼ 1.345 � 0.008 s�1 and g�sin(θ)/k ¼ 0.502 � 0.007 m/s (the
value of g�sin(θ)/k is the terminal velocity). Moreover, we use the video analysis
method to verify the validity of the results obtained using the LED gates method.
The position-time obtained from the video analysis using the Tracker software was
plotted as shown in Fig. 4.3(a) (the red open dot). The cart positions were tracked
and marked with a red dot using a plastic button (Fig. 4.1). It can be seen that the
position-time and the average velocity-time obtained from the LED gates and video
analysis methods are closely valued. The fitting value of the average velocity
obtained using the video analysis method according to Eq. (A2) yields
k ¼ 1.520 � 0.008 s�1 and g�sin(θ)/k ¼ 0.492 � 0.002 m/s. The results suggest
that we can use LED gates with the ambient light sensor of a smartphone for tracking
the position of a moving object on an inclined plane. The LED gates method will
provide the position-time information, and students will process this information to
obtain the average velocity. We believe that this proposed method will make
students understand more the position-time and average velocity-time plots. We
have demonstrated an alternative method for measuring the position-time of a
moving object on an inclined plane using LED gates with the ambient light sensor

Fig. 4.2 An example of experimental data is recorded through the ambient light sensor of a
smartphone using the phyphox application for an object moving on an inclined plane at 5.0�
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of a smartphone. The obtained position-time can be calculated for the average
velocity of the moving object. The results obtained using the LED gates method
correspond to that obtained using the video analysis method.

Acknowledgments This work was supported by the Faculty of Science, Srinakharinwirot Univer-
sity. WN gratefully acknowledges financial support from the Institute for the Promotion of
Teaching Science and Technology (IPST) and the National Research Council of Thailand (NRCT).

Fig. 4.3 The position-time and the average velocity-time are plotted where the data are obtained
from different methods using the LED gates and the video analysis
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Locating a Smartphone’s Accelerometer 5
Sidney Mau, Francesco Insulla, Elliot E. Pickens, Zihao Ding,
and Scott C. Dudley

While following chapters in this book address aspects of radial acceleration using
smartphones (Chaps. 16, 18, 20 and 22) [1–4], this chapter describes a technique to
locate the accelerometer in the phone to within a couple millimeters.

5.1 Using a Record Turntable to Determine Accelerometer
Location

Centripetal acceleration is given by ac ¼ rω2, with ac ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2x þ a2y
q

, where the

accelerations are in the rotating smartphone’s frame as shown in Fig. 5.1. We
measure1 ax, ay, and ω and then calculate the radius as well as an angle θ, given
by θ ¼ tan�1 (ay/ax). To accomplish this experimentally, the smartphone is spun at a
constant angular speed by attaching it to card stock with a hole positioning it on the
turntable’s spindle as shown in the inset of Fig. 5.1. If the accelerometer is well
calibrated, then spinning the device about a single hole would suffice to determine
the sensor’s position of the accelerometer inside the phone. This is possible because
the magnitude of the centripetal acceleration combined with the angular frequency
will yield the radius of a circle on which the sensor should lie. In addition, the ratio of
the y- and x-components of the centripetal acceleration yield an angle from the
rotation point relative to axes parallel to the sides of the device. For redundancy and
confirmation of the method, we checked three rotation points and show the radii and
rays for all three in Fig. 5.1. The intersection of the three circles and rays identifies
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the location of the accelerometer’s integrated circuit in the phone and provides a
visualization of the error in the technique. The method is reminiscent to center of
mass determinations by hanging an object and drawing plumb lines, where the lines’
intersection is the center of mass.

Fig. 5.1 Results for three pivot points about a turntable to determine the location of the acceler-
ometer in an iPhone 4 smartphone. The chip containing the accelerometer is believed to lie at the
location of the yellow square (see footnote 2). The inset photo shows the iPhone 4 on the turntable
in position 3 with this figure integrated under and superimposed over the phone
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5.2 Random and Systematic Errors

We found it important to correct the data from the phone for offsets from zero. We
achieved this by laying the phone flat for a few seconds and then rotating the phone
180� for another few seconds while taking acceleration measurements. This allowed
us to determine the offsets to the x- and y-acceleration measurements. Data for one
offset calibration and one pivot point is in Fig. 5.2. All data were taken in a single
continuous run, which included offset. Errors reported in the contribution are
random errors about the mean [5].

When spinning the phone, the accelerations oscillate due to the turntable being
not perfectly level. This is advantageous as it allows for direct measurement of the
rotation rate, and does not affect the average value of the accelerations as long as
integer numbers of full cycles are averaged. From the measurements we calculate the
tilt from horizontal for our setup to be roughly 1�.
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Fig. 5.2 Data used for radius and angle determination for a single pivot point. Initial offset
calibration precedes turntable spinning on the blue pivot point. Points used for calculations are
shown in solid colors. Points not used while phone was being positioned are shown as subdued
colors. Inset shows results for all three pivot points for this Android phone, the same as that shown
in Fig. 5.1 for the iPhone
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In Fig. 5.1, the width of the colored circles is the random error in the mean value,
which is low since there are much data. The hundreds of points in each measurement
allow for good use and discussion of the standard error in the mean.

Even if the random error was reduced to zero, we estimate the systematic errors to
still be roughly the width of the colored circles. We see two possible systematic
effects. First, the placement and alignment of the phone and transcription of its
spatial location, which we did by hand, we estimate to be on the order of a
millimeter.2 Second, we see from the initial and final offset calibrations that there
is slight drift even in a single two-minute continuous run. The offsets must be
accounted for, and initial frustrations with offsets led us to the single run technique.

5.3 Conclusions

This project provides excellent experience with centripetal acceleration,
accelerometers and physics from the sensor’s perspective, and error analysis. If
10 years ago one had required a student to acquire and bring to each class a video
and still camera, three-axis accelerometers, gyroscopes, magnetometers, an audio
recorder, and global positioning unit, one can imagine the costs. Today, many
students have such measuring capabilities with them every day and likely will for
the rest of their lives. We anticipate that activities and texts will begin to approach
physics from the point of view of these sensors, and it is an exciting viewpoint.

Acknowledgments We thank Robert Kennedy for useful discussions and support.
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Analyzing Free Fall with a Smartphone
Acceleration Sensor 6
Patrik Vogt and Jochen Kuhn

This chapter provides suggestions on how a smartphone can be used to improve
mechanics lessons, in particular when used as an accelerometer in the context of laws
governing free fall [1]. The app SPARKvue [2] (Fig. 6.1) was used together with an
iPhone or an iPod touch, or the Accelogger [3] app if an Android device was used.
The values measured by the smartphone were then exported to a spreadsheet
application for analysis (e.g., MS Excel).

6.1 Mode of Operation of Acceleration Sensors
in Smartphones

It makes sense to fundamentally understand how acceleration sensors work before
using them in the classroom. Smartphone acceleration sensors are microsystems that
process mechanical and electrical information, so-called micro-electro-mechanical
systems (MEMS). In the simplest case, an acceleration sensor consists of a seismic
mass that is mounted on spiral springs and can therefore move freely in one direction.
If an acceleration a takes effect in this direction, it causes the mass m to move by the
distance x. This change in position can be measured with piezoresistive, piezoelectric,
or capacitive methods and is a measurement of the current acceleration [4]. In most
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cases, however, the measurement is made capacitively. Figure 6.2 shows a simplified
design of a sensor of this kind: Three silicon sheets, which are placed parallel to each
other and connected with spiral springs, make up a series connection of two capacitors.
The two outer sheets are fixed; the middle sheet, which forms the seismic mass, is
mobile. Acceleration causes the distance between the sheets to shift, leading to changes
in capacity. These are measured and converted into an acceleration value. Strictly
speaking, they are therefore not acceleration sensors but force sensors.

To measure acceleration three-dimensionally, three sensors have to be included in
a smartphone. These sensors have to be positioned orthogonally to each other and
determine the acceleration parts ax, ay, and az of each spatial direction (x-, y, and z-
axis) independently (Fig. 6.3).

Fig. 6.1 Screenshot from the
app SPARKvue, showing the
setting of the experiment

Fig. 6.2 Design and mode of operation of acceleration sensors [5]
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6.2 Study of Free Fall by a Smartphone

A suitable way of examining free fall is to suspend the smartphone from a piece of
string, which is burnt through to start the fall [Fig. 6.4(a)]. In order to avoid
damaging the device, we place a soft object under the cell telephone (e.g., a cushion)
for it to land on. After having started the measurement of acceleration with a
measuring frequency of 100 Hz, we burn the string through and the free fall
commences. The acceleration value measured can be seen in Fig. 6.4(b).

At first, the smartphone is suspended from the string and the acceleration of
gravity of 9.81 ms�2 takes effect [left part of Fig. 6.4(b)]. After approx. 0.6 s, the free
fall begins and the sensors cannot register any acceleration, because they are being
accelerated with 1 g themselves1. This state is maintained until the cell phone’s fall is
stopped by landing on the soft object. As can be seen in Fig. 6.4(b), the sensor

Fig. 6.3 The orientation of the three independent acceleration-sensors of an iPhone or iPod touch;
the sensors measure the acceleration in the direction of the three plotted axes

1This is difficult to understand for pupils because they perceive the exact opposite: At first, the
device suspends motionless from a string and then falls, accelerating to the floor. This is why they
can only understand the measured acceleration process if they have previously been instructed on
the way acceleration sensors function. In addition, the learners’ previous experience of being
pressed to the floor in a lift accelerating downwards, and the resulting conclusion that one is
weightless in a free-falling lift, can also help them understand the process.
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continues to move slightly and returns to complete immobility after a period of 1.5 s.
The measurement can then be terminated and exported to a spreadsheet program
(e.g., MS Excel) in order to determine the time it takes to fall Δt.

It is obvious that the smartphone has a dual function in this experiment. It serves
both as falling body and as electronic gauge, making it possible to determine the
free-fall time with a good degree of accuracy. For the measurement example
described, the falling time was calculated to be Δt ¼ 0.56 s for a falling distance
of s ¼ 1.575 m. If these values are applied to the distance-time equation for uniform
acceleration (without initial distance and initial speed and with the influence of the
gravitational field for acceleration)

s ¼ 1
2
gt2, ð6:1Þ

the acceleration of gravity g is calculated with the formula

g ¼ 2s
t2

¼ 10:0� 0:2ð Þm
s2
,

delivering a sufficient degree of accuracy for school instruction. Studying this
phenomenon using smartphones’ acceleration sensor should also be integrated in a
more sophisticated instructional setting, connected with other phenomena [6–8]
addressing the students’ misconceptions which could be related to this concept
[9]. Anyway, current research shows that using this method to study free fall and
oscillation phenomena could at least increase curiosity and motivation of the
students when they learn with smartphones or tablets as experimental tools [10].

Fig. 6.4 Free fall: (a) Experimental setup and acceleration process. (b) Presentation of
measurements after the export of data from the smartphone into MS Excel
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Going Nuts: Measuring Free-Fall
Acceleration by Analyzing the Sound
of Falling Metal Pieces

7

Florian Theilmann

7.1 Theorem II, Proposition II

The spaces described by a body falling from rest with a uniformly accelerated motion are to
each other as the squares of the timeintervals employed in traversing these distances.

Galilei [1] presented the kinematics of a one-dimensional accelerated motion with
ease and in terms of elegant geometry. Moreover, he believed, “Philosophy [i.e.
physics] is written in this grand book—I mean the universe—which stands continu-
ally open to our gaze, but it cannot be understood unless one first learns to
comprehend the language and interpret the characters in which it is written. It is
written in the language of mathematics, and its characters are triangles, circles, and
other geometrical figures, without which it is humanly impossible to understand a
single word of it.” [2]. In classroom practice, however, it can be difficult to reveal
this mathematical heart of nature; free fall and other accelerated motions often get
obscured by friction or other sources of errors. In this chapter we introduce a method
of analyzing freefall motion indirectly by evaluating the noise of freely falling metal
pieces. The method connects a deeper understanding of the mathematical structure of
accelerated motion with the possibility to derive a numerical value for the free-fall
acceleration g.
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7.2 The Experiment

The first corollary of the cited theorem is that for such an accelerated motion the
distances traveled in equal intervals of time “will bear to one another the same ratio
as the series of odd numbers, 1, 3, 5, 7.” The proof is straightforward: The sequence
of odd numbers adds up to the sequence of square numbers

1 ¼ 12

1þ 3 ¼ 4 ¼ 22

1þ 3þ 5 ¼ 9 ¼ 32, etc

The general truth of this is realized by writing the difference of two consecutive
integer squares, i.e., (n + 1)2 � n2 ¼ n2 + 2n + 1 � n2 ¼ 2n + 1, which is just
the expression for the (n + 1)th odd number. Thus, as Galilei is claiming, “this [1 : 3 :
5 : 7 etc.] is the ratio of the differences of the squares of the natural numbers
beginning with unity.”

In physics classes, this corollary has often been used for a qualitative demonstra-
tion of Galilei’s theorem: A number of small metal pieces (e.g., bolt nuts) are knotted
to a cord with distances of appropriate ratio (Fig. 7.1). The cord is held in such a way

Fig. 7.1 A number of bolt
nuts are attached to a cord.
The distances between the
nuts “bear to one another the
same ratio as the series of odd
numbers, 1, 3, 5, 7”
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that the end with the shortest distance between the pieces just touches the floor (or,
producing louder noise, a baking sheet lying on the floor). According to the
corollary, dropping the cord results in a periodic sequence of percussions. In
contrast, evenly spaced nuts produce an accelerating sequence of beats.

The procedure may be enhanced to a quantitative experiment for finding the free-
fall acceleration g. As already shown in previous contributions (Chaps. 12 and 49)
[3, 4], the drumming of the metal pieces used could be recorded with an appropriate
app [5, 6]. For a subsequent sound analysis we edited the resulting sound file with a
sound editor [6], cf. Figure 7.2, left. In the signal versus time representation all the
consecutive beats reveal the same structure (with increasing amplitude
corresponding to an increasing falling height), namely an instant onset of the signal
with a subsequent exponential decrease.

7.3 Evaluating the Sound File

Timing the onset of the signal allows us to determine the respective moment of
impact for the metal piece. This leads to the following table:

Falling height 0.105 m 0.39 m 0.89 m 1.59 m 2.46 m

Impact time 0.25 s 0.40 s 0.54 s 0.69 s 0.82 s

Fig. 7.2 Left: The sound profile from the sequence of beats produced by bolt nuts attached to a
cord according to Fig. 7.1. Right: Spreadsheet for calculating the average time interval between the
impacts of the bolt nuts on the floor
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We may deduce the falling time of the metal pieces from the impact time; by
hypothesis the time interval between two impacts should be constant. Using a
spreadsheet (e.g., Ref. 7, Fig. 7.2 right) we may calculate the time intervals and
their average. With an average time interval of 0.143 s between two beats, we infer
that the cord was released at 0.25 s - 0.143 s ¼ 0.107 s. Thus, the table becomes:

Falling height 0.105 m 0.39 m 0.89 m 1.59 m 2.46 m

Falling time 0.143 s 0.293 s 0.433 s 0.583 s 0.713 s

From the formula h ¼ 0.5gt2 (with g being the free-fall acceleration, h being
falling height, and t being the time of falling), we may calculate g ¼ 2h/t2 for
each respective pair of falling height and time. Then, the average from our data is
g¼ 9.57 m/s2, which is only 2.5% smaller than the literature value of g¼ 9.81 m/s2.
A linear regression between falling height and the values of 0.5 times the squares of
the falling time gives g ¼ 9,64 m/s2, which is even better.
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The Atwood Machine Revisited Using
Smartphones 8
Martín Monteiro, Cecilia Stari, Cecilia Cabeza, and Arturo C. Marti

The Atwood machine is a simple device used for centuries to demonstrate Newton’s
second law. It consists of two supports containing different masses joined by a
string. Here we propose an experiment in which a smartphone is fixed to one
support. With the aid of the built-in accelerometer of the smartphone, the vertical
acceleration is registered. By redistributing the masses of the supports, a linear
relationship between the mass difference and the vertical acceleration is obtained.
In this experiment, the use of a smartphone contributes to enhance a classical
demonstration.

8.1 Theory

The Atwood machine is a simple device invented in 1784 by the English mathema-
tician George Atwood [1–3]. It consists of two objects of mass mA and mB,
connected by an inextensible massless string over an ideal massless pulley
[1]. Applying Newton’s second law to each mass we obtain

mAg� T ¼ mAa

T � mBg ¼ mBa,
ð8:1Þ

where g is the gravitational acceleration, T is the tension force, and a is the vertical
acceleration. Eliminating the tension between these equations, we obtain
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a ¼ mA � mB

mA þ mB
g ð8:2Þ

or, in terms of the mass difference Δm and the total mass M,

a ¼ Δm
M

g: ð8:3Þ

As mentioned in the original Atwood’s book, many possible experiments can be
implemented using his machine [1]. One of the simplest possibilities, adopted here,
is, keeping the total mass constant, to vary Δm by redistributing a set of weights. In
this case, a linear relationship between the vertical acceleration and the mass
difference is obtained.

Fig. 8.1 Experimental setup
consisting of two supports (a)
and (b), connected by a string
and supported on two pulleys
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8.2 The Experiment

In our experimental setup, shown in Fig. 8.1, an Atwood machine was built using
two pulleys. A smartphone is fixed on the right support (A), while on the left support
(B), up to five weights can be placed. The smartphone, an LG G2, is kept fixed to the
string as indicated in Fig. 8.2 using a clamp similar to those provided with tripods or
monopods. In this experience, the smartphone is located in such a way that the only
relevant axis is the x-axis, which coincides with the vertical direction.

Initially, the support A contains only the smartphone [the mass of the smartphone
and support is mA ¼ 191.2 (2) g] while the support B holds five different weights
[the mass of the support and the weights is mB ¼ 190.8 (2) g]. The total mass,
M ¼ 382.0 (4) g, is kept constant along the experiment. The system is released and
the app Vernier Graphical Analysis [4], shown in Fig. 8.3, is used to record the
acceleration values during the interval in which the support A is going downward
and the support B upward. Of course, care should be taken to avoid hitting the
smartphone against the floor.

Once the smartphone is stopped, the app is paused and a plot of the acceleration as
a function of time exhibiting a region of constant acceleration or plateau is displayed

Fig. 8.2 Details of the
support and the clamp
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on the screen (see the left panel of Fig. 8.4). The vertical acceleration and its error are
obtained from the mean value and the standard deviation provided by the app
(Fig. 8.4). The acceleration measured includes the gravitational contribution, so it
is necessary to subtract it to obtain the real acceleration (Chap. 6) [5–7].

Fig. 8.3 Smartphone
mounted on the support
showing the Vernier app on
the screen

Fig. 8.4 Snapshots of the Vernier app showing the values registered by the acceleration sensor as a
function of time. The only relevant component here is the x, which corresponds to the vertical
acceleration. On the left panel, the plateau of constant acceleration can be appreciated. The
statistical values (mean and standard deviation) calculated for this interval are highlighted in the
right panel above
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Subsequently, each of the weights is removed from the support B and placed on the
support A. In this way, the mass of the system remains constant, and only the mass
difference Δm ¼ mA – mB is varied. For each configuration the vertical acceleration
is measured. Then, in Fig. 8.5, plotting the acceleration as a function of the mass
difference, we obtain a straight line whose slope corresponds to g/M as indicated in
Eq. (8.3).

8.3 Analysis and Conclusion

From the slope fitted in the linear regression, we obtain a value for the total mass of
the system

Mexp ¼ g
slope

,

which results in Mexp ¼ (387 � 20) g. This value is in considerable agreement with
the value obtained by direct weighting, M ¼ (382.0 � 0.4) g. We conclude that,
thanks to the aid of the accelerometer of a smartphone, it is possible to foster this
demonstration and obtain a precise verification of Newton’s second law.
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Study of a Variable Mass Atwood’s Machine
Using a Smartphone 9
Dany López, Isidora Caprile, Fernando Corvacho, and Orfa Reyes

The Atwood machine was invented in 1784 by George Atwood [1] and this system
has been widely studied both theoretically [2–3] and experimentally [4–5] over the
years. Nowadays, it is commonplace that many experimental physics courses
include both Atwood’s machine and variable mass to introduce more complex
concepts in physics. To study the dynamics of the masses that compose the variable
Atwood’s machine, laboratories typically use a smart pulley. Now, the first work that
introduced a smartphone as data acquisition equipment to study the acceleration in
the Atwood’s machine was the one by M. Monteiro et al. [5] (Chap. 9). Since then,
there has been no further information available on the usage of smartphones in
variable mass systems. This prompted us to do a study of this kind of system by
means of data obtained with a smartphone and to show the practicality of using
smartphones in complex experimental situations.

9.1 Theory

The variable mass Atwood’s machine consists of two variable masses ma(t) and
mb(t). Without loss of generality, we considered that only ma(t) changes in time.
Both masses are connected by an inextensible massless string over an ideal massless
pulley. The acceleration equation of this system has been studied in depth by José
Flores et al. [6]. Based on the results obtained there, the common acceleration is
given by
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a ¼ ma tð Þ � mb

ma tð Þ þ mb

� �
g, ð9:1Þ

under the influence of an effective gravitational field g. As we can see, the integra-
bility of Eq. (9.1) is largely dependent on ma(t). After some considerations that are
well explained in Ref. [6] for ma(t) ¼ c0(t) + ma(t ¼ 0), the common speed is
given by:

v tð Þ ¼ v t ¼ 0ð Þ þ gt
λ þ M0 � λmab,0

λ2C0

� �
g ln 1� C0λt

M0

� �
, ð9:2Þ

where

λ ¼ 1� mb

M0 � 1=2ð Þma t ¼ 0ð Þ
� �

,

and c0 is the flow rate of sand when the system is not accelerating,
M0(t) ¼ mb + ma(t ¼ 0) and mab,0 ¼ ma (t ¼ 0) – mb.

Equation (9.2) can be compared directly with the results of our smartphone
measurements.

9.2 The Experiment

Assembling

The experimental setup is shown to the left of Fig. 9.1. Two pulleys were located at
the top. A negligible mass string was attached to it. A syringe (filled with sand) was
added on the side of the string (position A in Fig. 9.1 left), which mimics our variable
mass. On the other side of the string, a smartphone (iPhone 5) was attached (position
B in Fig. 9.1 left). The “Vernier data acquisition” [7] program was used to collect the
data over a certain period of time.

Experimental Procedure

The experimental procedure is similar to the one used in the recent work by
M. Monteiro et al. [5]. However, it was necessary to check that the flow rate of
sand had a constant decrease over time [6]. To do so, PASCO Force Sensor software
was used (in Fig. 9.1 right, the experimental assembly is shown). This can be
checked in the inset of Fig. 9.3, in which the flow of sand is clearly constant.
Once we had considered all the factors mentioned above, the data could be collected.
Initially the smartphone was placed at position B (the mass of the smartphone and
support is mb ¼ 0.15135 � 0.00001 kg) while the syringe was placed at position A,
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filled with sand (the initial mass of the syringe and sand is ma

[t ¼ 0] ¼ 0.16170 � 0.00001 kg).
Once the system is released, it is expected that each mass changes its velocity

direction. In other words, as soon as the smartphone and syringe velocities go to zero
due to the flow of sand, the smartphone velocity is expected to go from upwards to
downwards. It’s important to avoid hitting both the pulley against the syringe and the
smartphone against the floor after observing the velocity change direction. Just
before any of these happened, the system was stopped manually and the app was
paused. The acceleration trend can be observed directly from the Vernier visualizer.
An example is shown in Fig. 9.2. As expected for these variable mass systems, we
observed a nonconstant acceleration over time (the area of interest is between�5 s to
�11 s approximately in Fig. 9.2).

At the same time, the accelerations over time were also measured using the
PASCO Smart Pulley software in order to compare the results obtained by the
smartphone. The experiment was replicated several times, maintaining the initial
proportions between the masses. All the other results were quite similar as the one
shown in Fig. 9.2. To obtain the experimental velocity curve, the accelerations
collected from the Vernier app (shown in the highlighted area in Fig. 9.2) were
numerically integrated with respect to time by using the standard discrete integration
formula.1 After some minor adjustment of scale, the experimental velocity trend
(collected using a smartphone) is shown in blue circles in Fig. 9.3 (this corresponds

Fig. 9.1 Left: Experimental setup of the variable mass Atwood’s machine. Right: Discharging
flow of sand experimental setup. A PASCO Force Sensor was positioned at the top to collect
the data

1In order to integrate the experimental acceleration data numerically, we computed a discrete
integration: vnþ1 ¼ vn þ anþ1þan

2

� �
tnþ1 � tnð Þ, v0 ¼ 0:.
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Fig. 9.2 Snapshot of the Vernier app. We observe three acceleration curves collected by the
acceleration sensor. The yellow, blue, and red lines represent the x-, y-, and z-components,
respectively. The only relevant component is the z. The interested area is highlighted in blue

Fig. 9.3 Experimental result of the variable mass Atwood’s machine. The circles represent the
measured values of the velocity collected by a smartphone. The continuous line represents the
analytical solution given by Eq. (9.2). The triangular dots represent the measured values of the
velocity collected directly by using the Smart Pulley. The inset shows the linear flow rate of sand
equal to 0.0065 N/s. The parameters of the system were ma (t ¼ 0) ¼ 0.16170 � 0.00001 kg and
mb ¼ 0.15135 � 0.00001 kg, g ¼ 9.78 m/s2
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to one experimental realization only). Comparing this result with the analytical
solution given by Eq. (9.2) (continuous line in Fig. 9.3), we observed a good
agreement.

Finally, the data from the PASCO Smart Pulley software (triangular dots) are also
plotted in Fig. 9.3. The results were qualitatively similar with respect to those
obtained from the smartphone. Nevertheless, it is important to point out the fact
that as soon as the masses changed their velocity directions, the Smart Pulley needed
to change its rotational directions quickly, making it impossible to collect any data in
that period of time. This inconvenience is highlighted in the dashed square area in
Fig. 9.3. However, it is clear that a smartphone does not present any problem
acquiring data when the system changes its velocity direction abruptly. This might
be quite useful to laboratory courses in order to study more complex variable mass
systems.

9.3 Conclusion

From Fig. 9.3 we can conclude that it is possible to study a variable mass system by
using a smartphone. Indeed, a really good agreement between the experiment and
theoretical prediction was observed. Moreover, using smartphones as data acquisi-
tion equipment instead of traditional laboratory equipment (such as a smart pulley)
might be more adequate when systems present more complex dynamics, such as
those faced when carrying out this experiment.

Despite the fact that this type of system is usually considered quite advanced to
introduce in physics laboratory courses, it could be useful for students to get a deeper
understanding about the physics behind variable mass systems. Moreover,
introducing a smartphone as data acquisition equipment might lead students to
think more carefully about the experimental data treatment and to question the
meaning of the experimental results. Nonetheless, introducing both, variable mass
Atwood’s machine and smartphone, at the beginning might not be very useful and
perhaps it is better to start with a more basic experiment, for instance those in Refs.
[5, 6, 8], and to mention a few, before introducing this one.
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Part III

Momentum and Collision



Analyzing Collision Processes
with the Smartphone Acceleration Sensor 10
Patrik Vogt and Jochen Kuhn

Built-in acceleration sensors of smartphones can be used gainfully for quantitative
experiments in school and university settings (see the overview in Ref. 1). The
physical issues in that case are manifold and apply, for example, to free fall (Chap. 6)
[2], radial acceleration (Chap. 16) [3], several pendula (Chaps. 29 and 32) [4, 5], or
the exploitation of everyday contexts (Chap. 35) [6]. This chapter supplements these
applications and presents an experiment to study elastic and inelastic collisions. In
addition to the masses of the two impact partners, their velocities before and after the
collision are of importance, and these velocities can be determined by numerical
integration of the measured acceleration profile.

10.1 Theoretical Background and Execution of the Experiment

In the case of a central elastic impact, the paths of the centers of gravity of both
impact partners lie on a straight line (Fig. 10.1). Frictional losses as well as changes
of the potential energies are negligible compared to the kinetic energies of the impact
partners. During the colliding process the system is isolated and without any impact
of external forces [7].

Under the above-named requirements and in allowance of the conservations of
momentum and of energy, it is possible to calculate the velocities of both impact
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partners after the impact v01, v
0
2 considering the starting velocity v1, v2 and the masses

m1, m2 are given by:

v01 ¼
m1 � m2ð Þv1 þ 2m2v2

m1 þ m2

v02 ¼
m2 � m1ð Þv2 þ 2m1v1

m1 þ m2
:

Analyzing these equations, it appears that if the masses of the impact partners are
identical, they exchange their velocities and therefore their impulses and kinetic
energies, which shall be tested by the first part of the experiment. For that purpose
the experiment is arranged according to Fig. 10.2: Two carts of the same mass
equipped with springs (a possible mass difference can be accommodated by
attaching additional masses) are provided with either a smartphone or an iPod
touch in such a way that their longitudinal axis (y-component of acceleration) is
pointing in the direction of movement. The measuring frequency is set on the
maximum value of 100 Hz (for iOS, e.g., the app SPARKvue [8], for Android,
e.g., Accelogger [9]), the acceleration measurement started, and one of the carts
pushed so that it collides with its partner.

Fig. 10.1 Straight collision

Fig. 10.2 Elastic collision
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In case of a centric, inelastic impact, some of the kinetic energy is lost due to
friction and deformation. A special case is given for the inelastic impact where both
impact partners leave the collision site with the same velocity v after the collision
(a completely inelastic collision). Conservation of momentum gives us:

v ¼ m1v1 þ m2v2
m1 þ m2

:

In the case where the masses of both carts are alike and one cart is initially at
rest before the inelastic collision, the impact partners keep moving according to
v ¼ 0.5�v1. This is tested in the experiment shown in Fig. 10.3. Setup and realization
take place analogously to the first part of the experiment, except that the springs are
replaced by a hook-and-loop fastener that keeps the carts combined after the impact.
Since the two carts have the same velocity after the inelastic impact, it would be
sufficient for the experimental survey to use one smartphone or iPod touch, but to
achieve constant cart masses it is easier to equip the second cart with a measurement
device too.

10.2 Experiment Analysis

Central, Elastic Collision For the cart that is pushed by hand (cart 1), the a(t)-
diagram shows a positive and a negative acceleration peak (Fig. 10.4). The first
originates from pushing the static cart, which reaches (as shown by a numerical
integration with the software Measure) a maximum velocity of v1,max � 0.53 m/s.
The degradation due to friction reduces this velocity to v1 � 0.48 m/s immediately
before the impact. The area between the second peak and the time axis provides the
velocity reduction during the impact phase—the cart almost stops after the impact

Fig. 10.3 Inelastic collision
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and is just moving a little in the opposite direction (v01 � �0.02 m/s). The accelera-
tion measurement of cart 2 reveals that it picks up a velocity of 0.43 m/s during the
impact, which is approximately v1. Almost all the kinetic energy of cart 1 is
transferred to the same weighted cart 2, showing approximate confirmation of
conservation of momentum and of energy (Fig. 10.5).

Fig. 10.4 Acceleration profile of cart 1 during the elastic impact

Fig. 10.5 Velocities during the elastic impact
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Central, Completely Inelastic Collision The velocity profile for cart 1 is shown
graphically in Fig. 10.6. Cart 1 is accelerated to v1,max ¼ 0.43 m/s by an impulse and
directly before striking cart 2 (v2 ¼ 0 m/s) it has the velocity v1 ¼ 0.40 m/s. After the
impact, a short oscillation takes place at the hook- and-loop fastener before both carts
move on collectively with 0.23 m/s. The velocity of cart 1 is thus approximately
halved, which corresponds to the theoretical expectation. The small difference
between theory and experiment results from the uncertainty of measurement and
the test frequency of 100 Hz, which is relatively small for conducting collision
experiments. After the impact the velocity of cart 2 is temporarily 0.19 m/s, which
fits with the theoretical expectations very well, too.
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The Dynamics of the Magnetic Linear
Accelerator Examined by Video Motion
Analysis

11

Sebastian Becker-Genschow, Michael Thees, and Jochen Kuhn

A magnetic linear accelerator (or Gauss accelerator) is a device that uses the
conversion of magnetic energy into kinetic energy to launch an object with high
velocity. A simple experimental implementation consists of a line of steel spheres in
which the first one is a permanent magnetic sphere. If another steel ball collides with
the magnetic sphere from the left, the rightmost steel sphere is ejected at a much
larger velocity than the impacting steel sphere. Several approaches have been
published to determine the velocity of the ejected sphere, for example by using
photogates [1, 2] or by measuring the impact position of the ejected sphere after
falling from a table [3]. All of these approaches have in common that the measure-
ment of the velocity is a static process. This contribution describes an approach in
which video motion analysis on tablet computers [4, 5] is used to measure simulta-
neously the time course of the velocity of the impacting steel sphere as well as the
ejected steel sphere, thus giving students insight into the dynamics of the processes
that lead to a higher kinetic energy of the ejected sphere.
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11.1 Theoretical Background

We examine an arrangement of four spheres with equivalent volume consisting of
one steel sphere and a line of one fixed permanent magnetic sphere with two other
steel spheres. Friction forces should be neglected. If the single steel sphere is placed
close to the magnetic sphere, the steel sphere is magnetized as soon as it enters the
magnetic dipole field [6]. The interaction between the permanent magnetic dipole
and the induced dipole results in an attractive force FM leading to acceleration of the
steel sphere (Fig. 11.1a). After the collision the kinetic energy is transferred through
the line of spheres (Fig. 11.1b) to the rightmost sphere, which then is ejected at high
velocity (Fig. 11.1c).

As the line of spheres is inhomogeneous because of the permanent magnetic
sphere, the propagation of the energy through the line of spheres can be described as
a soliton [7–9], which propagates through the line of spheres. Although the trans-
mitted energy is smaller than the kinetic energy of the impacting steel sphere due to
dissipation effects, the ejected sphere has a much larger velocity. The reason for this
is that the increase of kinetic energy of the impacting sphere by conversion of the
magnetic field energy exceeds the energy loss of the ejected sphere while it escapes
the attractive magnetic field because of the greater distance from the permanent
magnetic sphere. The kinetic energy of the ejected sphere can be estimated by [10]

Ekin � η0 � mþ 1ð Þ0:024½ � πR
3B2

r

36μ0
, ð11:1Þ

whereby R denotes the radius of the permanent magnetized sphere, Br the residual
flux density, η0 the ratio of the kinetic energy of the ejected sphere and the kinetic

M

Soliton propagation

Fig. 11.1 Schematic of the
different phases of the
magnetic linear accelerator
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energy of the impacting sphere in case of a line of steel spheres, μ0 the vacuum
permeability, and m the number of steel spheres right of the magnetic sphere (in our
case m ¼ 2). With Eq. (11.1) we can specify a formula for the velocity of the ejected
steel sphere with a mass of mS for our considered arrangement of four spheres.

v �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 η0 � 3 � 0:024ð Þ πR3B2
r

36μ0ms

s

: ð11:2Þ

11.2 Experimental Setup

To reduce friction losses, an aluminum track is used to guide the spheres. The
permanent magnetic sphere is attached to the track with putty to fix its position
and prevent recoil. Two steel spheres are docked to the magnetic sphere to build a
line. Another steel sphere is brought up to the magnetic sphere from the left
(Fig. 11.2).

To measure the velocities, the distance between the steel sphere and the magnetic
sphere is carefully reduced until the attraction causes the steel sphere to start
speeding up. The motion is recorded with a tablet computer with a camera frequency
rate of 120 frames per second (fps) perpendicular to the plane of motion from a
sufficient distance (approximately 1 m). For recording and analyzing the process, we
used an iPad Mini and the free application Viana [11].

11.3 Experimental Results

Based on the time-position data, the velocity of both spheres can be computed (see
Fig. 11.3 left). The velocity of the ejected sphere can be extracted from the time-
position data after the ejection by regression analysis with Vernier Graphical Analy-
sis [12]. A linear regression of the data provided a value of 2.31 m/s with an RMSE
value smaller than 0.001 (Fig. 11.3 right). Equation (11.2) can be used to calculate
the theoretical value for the velocity of the ejected sphere. By inserting the following
values, mS ¼ 0.065 kg, R ¼ 0.013 m, Br ¼ 1.22 T [13], and η0 ¼ 0.95 [7], we
calculated the theoretically expected value to be vtheo ¼ 2.48 m/s. If we compare the

Steel sphere

Aluminum track Steel sphere

Magnetic
 sphere

Fig. 11.2 Experimental
setup
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calculated value with the experimentally determined value vexp¼ 2.31 m/s, we find a
relative deviation of 7.4%. A possible explanation for the smaller value of the
experimentally determined value could be the neglect of both friction effects and
the kinetic rotational energy of the incident sphere, which are not taken into account
in the underlying theoretical model. In addition, the experimental setup could also be
used to determine the magnetic flux density based on the measured velocity.
Furthermore research shows that learning with mobile video analysis can also
increase conceptual understanding [14, 15] while decreasing irrelevant cognitive
effort and negative emotions [15, 16].
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Acoustic Measurements of Bouncing Balls
and the Determination of Gravitational
Acceleration

12

Oliver Schwarz, Patrik Vogt, and Jochen Kuhn

Interesting experiments can be performed and fundamental physical relationships
can be explored with so-called Super Balls or bouncy balls. An example is the
determination of gravity g in an experiment. The basic idea behind this was
described by Pape [1] and Sprockhoff [2]: The initial and final heights and the
complete duration of all the bounces are measured for a certain number of bounces
by the ball. On the basis of this data, the acceleration of gravity can be approximately
calculated if air drag on the ball is neglected. However, in practice, it becomes clear
that measuring the height of the last bounce in the process is problematic. The person
performing the experiment either has to make a good estimation of its height or film
the bounce in front of a measuring stick. The method is based on the important
assumption that each of the individual bounces of the ball loses the same percentage
of mechanical energy; the coefficient of restitution k therefore remains the same.

12.1 Acoustic Data Measurement

Inspired by the research referred to above, our objective was to find an effective way
of collecting data about a Super Ball’s bouncing process in order to measure the
accelaration of gravity, free fall, and the throw and the coefficients of restitution in an
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experiment. We found the use of an acoustic measure particularly effective, as
described in [3–5]. The sounds made by the impacts of the ball are recorded with
a microphone as voltage signals over a certain period of time. This produces a
chronological sequence for a Super Ball, with the sound made by the impacts
resulting in surprisingly sharp peaks, as can be seen in Fig. 12.1. These peaks can
be seen as time markers. The data were collected using an iPad equipped with the
Oscilloscope app [6], which can also be installed on an iPhone or iPod touch [7]. The
simple experiment setup can be seen in Fig. 12.2.

The person conducting the experiment should select the highest possible buffer
size (2000 ms), start the measurement, and then release the Super Ball onto a solid
hard, horizontal, smooth surface, e.g., a stone slab.

Fig. 12.1 Chronological sequence of the sound signals made by a bouncing ball

Fig. 12.2 Experiment setup
for the acoustic measurement
using an iPad
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12.2 Determination of the Acceleration of Gravity

A vertically thrown ball rebounds upward between two impacts. The energy loss
between two impacts could be represented by the coefficient of restitution k ¼ Ekin2

Ekin1
.

Taking fundamental equations into account [8], the coefficient of restitution could
be calculated to

k ¼ Ekin2

Ekin1
¼ v22

v21
¼ h2

h1
¼ t2H2

t2H1
¼ Δt22

Δt21
: ð12:1Þ

It could be proved that the coefficient of restitution k remains constant, even for very
different heights [9].

In order to determine g, the maximum height of the ball between two impacts has
to be measured at least once during the bouncing process. It makes sense to select the
initial height of the ball for this, which was 0.7 m for the experiment described
below, as it is easily measured. The analysis was conducted as follows.

Assuming that the person performing the experiment has calculated the relative
energy loss per impact k as described previously and has ascertained that the value
remains constant from bounce to bounce, it is possible to determine the maximum
height h2 of the ball after its first impact with the floor. If h1 designates the measured
initial height, then the maximum height is given by:

h2 ¼ k � h1: ð12:2Þ
The free-fall time of the ball from its height h2 until its impact is half of the time Δt
between two impacts (Fig. 12.3). By taking this consideration, Eq. (12.2), and the
distance-time law of free fall into account, g is obtained as follows:

g ¼ 2h2
0:5 � Δtð Þ2 ¼

2kh1
0:5 � Δtð Þ2 : ð12:3Þ

Fig. 12.3 Determination of
the critical sizes
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The results of the three measurements with the same initial height can be seen in
Table 12.1. In conclusion, it is possible to measure the acceleration of gravity g and
the relative energy loss of an impact using a good Super Ball with a single recording
of the sound produced by the impacts. The experiment yields a result that is
sufficiently accurate for the purposes of physics instruction.

Research shows that studying acoustic phenomena with mobile devices
integrated in a more sophisticated instructional setting and combined with more
everyday phenomena [10, 11] could also increase learning [12].
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Table 12.1 Determination of gravitational acceleration on the basis of three impact times, with an
initial height of 0.7 m each time

Impact times
Calculated value of
g (m/s2)

t1 ¼ 0.248 s, t2 ¼ 0.955 s, t3 ¼ 1.617 s 9.82

t1 ¼ 0.201 s, t2 ¼ 0.898 s, t3 ¼ 1.549 s 10.06

t1 ¼ 0.129 s, t2 ¼ 0.830 s, t3 ¼ 1.479 s 9.77
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Studying 3D Collisions with Smartphones 13
Vanda Pereira, Pablo Martín-Ramos, Pedro Pereira da Silva,
and Manuela Ramos Silva

This chapter describes a conservation of momentum experiment using just
smartphones and two beach balls, thus making the experimental study of this
movement available to any classroom. For a more thorough analysis of the data, a
computer can also be used. Experiments making use of smartphone sensors have
been described before [1–12], contributing to an improved teaching of classical
mechanics. In this experiment, we have made use of two smartphone cameras
together with the VidAnalysis free app [13] to track the position of two balls
colliding in air during a projectile motion (Fig. 13.1).

The app requires the setting of a length scale and the tracking of the ball position
through screen touching, frame by frame, generating position-vs.-time and velocity-
vs.-time graphs. The analysis has to be repeated for each ball. The data can easily be
exported into a CSV file. Alternatively, the video can be transferred to a computer
and converted into an image sequence (Fig. 13.2). The frames would subsequently
be exported to a photo editor for retrieval of the x0-, y0-, and z0-coordinates of both
balls, and the coordinate values would then be manipulated in a spreadsheet appli-
cation like MS Excel or OpenOffice Calc to be transformed into real space
coordinates, by using the height of the students as a scale factor (or that of any
other object).
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13.1 The Projectile Motion

Neglecting the resistance of air, a projectile is an object thrown near Earth’s surface
that will describe a curved path under the influence of gravity only. Before and after
the collision, since there are no forces in the horizontal (x) and (z) axes, the
acceleration of the motion is zero in those directions for both balls, their velocity
is constant, and their position increases linearly with time. That is,

ax ¼ 0 ) x tð Þ ¼ x0 þ vxt ð13:1Þ
az ¼ 0 ) z tð Þ ¼ z0 þ vzt ð13:2Þ

On the other hand, on the vertical axis (y) the gravity force acts on the object,
causing a constant acceleration that points downwards,

Fig. 13.1 Positioning of the
smartphones and the students
during the experiment

Fig. 13.2 Some of the frames taken during the flight of the balls
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ay ¼ �g ) vy ¼ v0y � gt ) y tð Þ ¼ y0 þ v0yt � 1=2gt2: ð13:3Þ
Therefore, before and after the collision, each of the balls describes a parabolic
trajectory (Fig. 13.3).

13.2 The Conservation of Momentum

Neglecting the resistance of the air and apart from gravity, there are not any exterior
forces acting on the system of the balls during collision. This means that conserva-
tion of the system momentum along the x- and z-axes has to be observed (Eqs. 13.4
and 13.5).

m1v1x þ m2v2xð Þ before collisionð Þ
¼ m1v1x þ m2v2xð Þ after collisionð Þ

ð13:4Þ

and

m1v1z þ m2v2zð Þ before collisionð Þ
¼ m1v1z þ m2v2zð Þ after collisionð Þ

ð13:5Þ

Fig. 13.3 3D graph of the position of the balls before and after collision
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The values of the pre- and post-collision velocities are very easy to retrieve from the
slope of the x(t) or z(t) graphs (Fig. 13.4). The values for the pre- and post-collision
velocities retrieved from the fitting of the x(t) and z(t) graphs for both balls are
summarized in Table 13.1. Using the mass of the balls (m1 ¼ 0.150 kg and m2 ¼
0.132 kg), it is possible to calculate the linear momentum of the system and confirm
its conservation. The conservation of momentum was therefore easily demonstrated.

It is worth noting that, although the entire experiment can be done on a
smartphone, it may be easier to process in VidAnalysis if a tablet is used instead,
provided that the larger screen size improves the precision when the length of a
known distance is specified and so as to define the center of the ball in each of the
frames. It is also important to find a trade-off in terms of the distance at which the

Fig. 13.4 Plot of x as a function of t for one of the balls. The origin of the coordinate axes was
chosen to be the collision point. The slope was retrieved from fitting a straight line to the points
immediately before and after the collision

Table 13.1 Velocities and momenta before and after the collision

Ball 1 Ball 2
Momentum of the system
(kg � m � s�1)

Velocity
(m � s�1)

Before
collision

v1x ¼ 5.04 v2x ¼ �5.01 px ¼ 0.09

v1z ¼ 0.02 v2z ¼ 0.60 pz ¼ 0.08

After
collision

v1x ¼ 1.69 v2x ¼ �1.38 px ¼ 0.07

v1z ¼ �2.03 v2z ¼ 3.35 pz ¼ 0.14

Variation of momentum
(kg � m � s�1)

Δpx¼ �0.03
Δpz¼ +0.06
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smartphones are from the students (larger distances lead to smaller distortion in the
images, but ball positions in the frame-by-frame analysis become more difficult to
follow in a precise manner).

This experiment can easily be changed to further motivate advanced students:
using balls with very different masses instead of similar balls, using very elastic balls
to probe the conservation of energy, trying a collision involving three balls, retriev-
ing the acceleration of gravity through fitting of the y-coordinates with a polynomial
expression (e.g., in this collision, the graph of y(t) for ball 2, before collision, was
fitted with the expression y(t)¼�4.92t2 + 3.73t� 0.48, which yielded 9.84 m/s2 for
gravity). This sort of experiment will engage both teachers and students since it
overcomes the lack of resources, demands no time for pre-lab experiments assem-
bling, and it uses their own gadgets.
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Part IV

Rotation



Measuring Average Angular Velocity
with a Smartphone Magnetic Field Sensor 14
Unofre Pili and Renante Violanda

The angular velocity of a spinning object is, by standard, measured using a device
called a tachometer. However, by directly using it in a classroom setting, the activity
is likely to appear as less instructive and less engaging. Indeed, some alternative
classroom-suitable methods for measuring angular velocity have been presented
[1, 2]. In this chapter we present a further alternative that is smartphone-based,
making use of the real-time magnetic field (simply called B-field in what follows)
data gathering capability of the B-field sensor of the smartphone device as the timer
for measuring average rotational period and average angular velocity. The in-built B-
field sensor in smartphones has already found a number of uses in undergraduate
experimental physics. For instance, in elementary electrodynamics, it has been used
to explore the well-known Bio-Savart law (Chap. 62) [3] and in a measurement of
the permeability of air [4].

14.1 Theory

For any uniformly rotating object, its average angular velocity ωave is given by the
relation [5]

ωave ¼ Δθ
Δt : ð14:1Þ

Given the average period Tave, Eq. (14.1) can be written as
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ωave ¼ 2π
Tave

: ð14:2Þ

Equation (14.2), with known value of the average period, easily gives the average
angular velocity.

14.2 Experiment

Our experimental setup, with the rotational period being the parameter to be directly
measured, is made up of a smartphone installed with an Android application called
Physics Toolbox Sensor Suites [6], a computer with MS Excel, a small permanent
magnet, and a non-precessing electric fan but with a protective slow-spinning grill.
The fan, a China-made, has the following specifications—common name: Rota-aire;
brand name: 3D New Generation; model: BF35EF; diameter: 35 cm. Instead of the
precession of the traditional fan, the spinning grill allows for the distribution of air
over a wider area, and measuring this slow and uniform angular velocity of the grill
(not the measurement of the high angular velocity of the rotating blades) is the
primary goal of this experiment. Our setup (sans the computer) is shown in Fig. 14.1.
In this experiment, at least, we have to settle for measuring the slow rotational
velocity of the grill rather than that of the fast-spinning blades of the fan because the
sampling rate of the smartphone device was limited to only every 0.10 s, which
means that the device was likely to return an erroneous measurement of the rota-
tional period of an object that rotates with a period of less than 0.10 s. This can be the
case for the fan blades rotating at a rate of 50 or 60 Hz. Besides, a parallel video-
based analysis of high-speed rotational motion would not be as accessible.

Fig. 14.1 A non-precessing
electric fan that uses a slow-
spinning grill instead in order
to distribute the moving air. A
permanent magnet is glued
(shown by the red arrow) on
the edge of the grill
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Starting off the data gathering, the magnetic field sensor of the device was
launched via the Android application and, by holding or hanging the smartphone
with its front side positioned closer to the spinning grill, numeric and graphical real-
time measurements of the B-field of the magnet were registered. Directly saved as an
MS Excel file in the device, the raw data were subsequently exported to the computer
via email or Bluetooth for further processing, also in MS Excel. A computer-
generated graph of the B-field data as a function of time is shown in Fig. 14.2.

The application allows for the extraction of the x-,y-, and z-components of the B-
field as well as its total. All of these time-based B-field values can be utilized, giving
the same period, but we chose to utilize the total B-field. The periodic time-varying
total B-field, observed in Fig. 14.2, is due to the fact that its magnitude at an
observation point varies with its distance from the source. Specifically, at a field
point located on a given axis, the B-field due to a small permanent magnet—for a
small cylindrical magnet, like the one used in this experiment, whose length is
insignificant in comparison to the distance between its location and the field
point—is inversely proportional to the cube of the distance [7]. The experimental
setup does not exactly conform though to this specific B-field-distance relationship
because the changes in location (or distance) of the magnet relative to the sensor
(or smartphone) are angular in nature. Instead, the series of peaks seen in Fig. 14.2
can be explained in this manner. Each instant the magnet reaches a certain point in
the smartphone (one closest to the sensor if not its exact location), the B-field peaks
up, all the while becoming zero while the magnet rotates farther away from the
smartphone. The pattern shown, however, is still a manifestation of the fact that the
closer the field point is to the source, the stronger the B-field is at that point and vice
versa. It can also be deduced that the B-field measurements (Fig. 14.2) are that of the
magnet only, and there was no contributing B-field due to eddy currents since the
blades and the grill are entirely made of plastic.

Fig. 14.2 Plot of total B-field
as a function of time. Very
slight outward or inward
movements of the grill (or of
the phone) caused the
differences in amplitudes, but
these were irrelevant since the
device was simply used as the
timer
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14.3 Results

The measure of the rotational period was directly obtained by subtracting the time
coordinates, read via data cursor function, of any pair of successive peaks in
Fig. 14.2. By taking into account at least five pairs of successive peaks, we found
the average period to be 10.36 s. Inserting this value in Eq. (14.2) and subsequently
converting the result to revolutions per minute (rpm), we obtained the average
angular velocity to be 5.792 rpm. Alternatively, by plotting the angular position
[8] (over a full rotation) of the magnet vs. time (over one period), the average angular
velocity of the grill can be found, which is, according to Eq. (14.1), equal to the slope
of the linear fit to the resulting linear plot of the data points (Fig. 14.3). It is equal to
5.77 rpm (also after conversion to rpm). In order to present further the uniformity of
the average angular velocity [9], we have plotted its value/s over one period or one
full rotation. Figure 14.4 presents such velocity against time plot. There was no
accepted value indicated for the angular velocity of the spinning grill of the electric
fan, but a parallel video analysis gave ωave ¼ 5.8 rpm, which is a good match in
comparison to the result obtained using the method presented. In doing the video
analysis, we played the movie, frame by frame, in Windows Media Player, allowing
us to monitor the total time it took for the spinning grill (or magnet) to cover a full
rotation.

14.4 Conclusions

The experiment presented has shown that the real time-measuring B-field sensor of a
smartphone device is reliable as a timer for the measurement of rotational period,
thus the accuracy in the measurement of angular velocity, albeit of a slow-spinning
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Fig. 14.3 Plot of angular position of the magnet vs. time over a full rotation along with a linear fit
to the data points
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object like the one used in this experiment. This was done purposely so that a parallel
video analysis can easily be performed. Indeed, our experiment appears to be limited
only in measuring the angular velocity of slow-rotating objects, one in which the
rotational period is at least equal to or greater than 0.10 s, the time resolution of the
B-field sensor of the smartphone device. Nonetheless the setup is relatively low cost,
considering that smartphones and computers are household articles nowadays; the
slow-rotating grill of an electric fan can easily be replaced by other slow-rotating
objects. Moreover, should an adoption of this experiment be considered as a
classroom or laboratory activity, the students will be able to acquire a certain skill
level on data mining. This is apart from a relatively enriched hands-on exposure to
the concept of angular velocity.

The activity will also afford the students a lesson (before attending a regular class
on elementary electromagnetism) on the distance dependence of the strength of
magnetic field.
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Visualizing Acceleration with AccelVisu2 15
Thomas Wilhelm, Jan-Philipp Burde, and Stephan Lück

Acceleration is a physical quantity that is difficult to understand and hence its
complexity is often erroneously simplified. Many students think of acceleration as
equivalent to velocity a

! � v
! . For others, acceleration is a scalar quantity, which

describes the change in speed Δ v
!�� �
� or Δ v

!�� �
�=Δt (as opposed to the change in

velocity). The main difficulty with the concept of acceleration therefore lies in
developing a correct understanding of its direction [1–4]. The free iOS app
“AccelVisu2” [5] supports students in acquiring a correct conception of acceleration
by showing acceleration arrows directly on the screen of an iPhone, iPad or iPod
touch, e.g. when moving it across a table.

15.1 Theoretical Background

In terms of determining the direction of acceleration, three cases can be distin-
guished: when gaining speed, the acceleration is in the direction of movement,
when slowing down, the acceleration is in the opposite direction to the direction of
movement, and when driving around a bend at a constant speed, it is perpendicular to
the direction of movement. Generally, the acceleration can be broken down into a
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tangential component indicating the change of speed, and a radial component
indicating the change of direction.

The acceleration of the iPhone is detected component-wise by the built-in accel-
erometer and displayed graphically as a vector in the coordinate system of the app.
The acceleration sensor in the device measures the deflection of a test object, which
in turn is a measure of the force acting on the seismic mass. In general, this force can
be resolved into two components: the inertial force resulting from the acceleration of
the device and the force of gravity. If preferred, it is possible to ignore the latter one
in AccelVisu2 in order to only measure the acceleration of the device itself as
explained in the next section.

15.2 The App AccelVisu2

Once the user starts the app AccelVisu2, a coordinate system is displayed (see
Fig. 15.1). Here, the measured acceleration in the xy-plane is shown as a blue vector
arrow. In addition, the x- and y-component of the measured acceleration are

Fig. 15.1 Screenshot of
“AccelVisu2”
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displayed in the form of a green and red line in the direction of the corresponding
axis. At the top, the momentary acceleration values of all three acceleration
components are shown (in m/s2). The circular rings indicate multiples of the
gravitational acceleration g. The coordinate system can be moved by “sliding” the
finger over it. It is also possible to zoom in and out with the familiar “two finger
pinch-gesture”. A “double tap” on the screen restores the original view.

Below the diagram are the three buttons “record”, “replay”, and “export”. After
starting the app, the “record” mode is active. In this mode the acceleration data is
stored internally with an adjustable data rate and length (Fig. 15.2). After the
recording is stopped by tapping the button again or the chosen recording time has

Fig. 15.2 The setting menu
in “AccelVisu2”

15 Visualizing Acceleration with AccelVisu2 89



passed, the recorded acceleration data with the corresponding visualization can be
repeated by tapping “replay”. By tapping on “export” an e-mail with a table of the
recorded data can be sent. By selecting the “Settings” tab (at the very bottom), the
settings screen opens. As shown in Fig. 15.2, this screen is divided into two sections:
“Measurement settings” and “Display settings”.

If the toggle switch “Include gravity” is switched off, only the actual acceleration
is measured (i.e. internally the gravitational acceleration is subtracted vectorially at
any time). The “Recording rate” and “Recording time” sliders can be used to set the
recording parameters as required. The recording rate is limited by the specifications
of the respective device (max. 100 Hz), the longest recording time is 600 s.

Using the “Show Vector” button, the acceleration vector resulting from the
components can be shown or hidden. To prevent the measured values and thus the
visualization arrow from fluctuating too much due to the high measuring frequency,
the “Smoothness” slider can be used to average over several values. As a result of
this adjustable time averaging, outliers are smoothed out, which is particularly
helpful for freehand experiments or for a car or carousel ride. The last slider “Replay
speed” can be used to change the speed of playback of a recorded movement. This
allows the user to create a slow motion or time-lapse effect to better track very fast or
very slow movements.

15.3 Ideas for Experiments

First, let’s consider two simple scenarios: picking up speed from a rest position and
slowing down. As slightly tilting the device can already greatly affect the measure-
ment, the user is advised to place the iPhone or iPod Touch on a horizontal table.
When rapidly but briefly moving the phone forward, the acceleration vector first
appears in the direction of movement while gaining speed and then counter to it
while decelerating the device.

It is better, however, to mount the iPhone on a wagon that is pulled by a weight
over a deflection pulley as shown in Fig. 15.3. If the user initially pushes the wagon
against the direction of the force of the weight, it will continuously slow to a
standstill before picking up speed again in the opposite direction. The app makes
it easy to see that the acceleration vector neither changes in length nor direction in
either phase of the movement, since the vector arrow always points in the direction in
which the wagon is pulled by the weight. Contrary to what most students believe, the
same acceleration arrow is clearly visible even at the turning point of the wagon’s
movement.

Another excellent application of the software is to visualize the direction of
acceleration in circular motion with acceleration vectors. For example, the iPhone
can be mounted on a rotatable experimental setup (Fig. 15.4). As long as there is
little friction, the only acceleration that can be observed is the constant centripetal
acceleration pointing inwards (when ensuring that one component of the acceleration
will be the radial acceleration and the other the tangential acceleration). Furthermore,
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one can clearly see that the length of the acceleration arrow is dependent on the
rotational speed of the iPhone.

Alternatively, a volunteer could sit on a well-oiled swivel chair and then be put
into rotation by another individual. When holding the smartphone at arm’s length,
the volunteer can see the screen while rotating around her own axis. When
conducting this experiment, it is important to switch off the option “include gravity”
as it is nearly impossible to keep the device in a perfectly horizontal position all the
time. Moreover, the visualization of the acceleration vector can be optimized via the
“Softness” setting in order to smooth out vibrations from holding the device with
your bare hands.

It is also possible to analyze the direction of acceleration in simple or rod
pendulums by attaching the device to a well-suspended pendulum rod while making

Fig. 15.4 Acceleration of a rotating iPhone

Fig. 15.3 Accelerated motion on a track
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sure that the screen is always visible. Since the iPhone’s position in a vertically
suspended-pendulum would constantly change in relation to the gravity field, the
pendulum should be positioned horizontally on a table as shown in Fig. 15.5. The
necessary restoring force can be realized using a torsion spring or by a combination
of two coil springs and pulleys. With the help of the AccelVisu2 app, it is then
possible to see how the direction of the acceleration arrow changes during
the movement of the pendulum. The acceleration arrow is generally inclined in the
coordinate system, since both the speed (tangential acceleration component) and the
direction (radial acceleration component) change with the movement. However,
there are two interesting exceptions: In the reversal points, the acceleration arrow
is only directed tangentially, and at the zero crossing, it is only directed radially. We
would advise that users record a video of the smartphone’s movement, since this will
allow for analyzing the movement step-by-step at a later point, such as in the
classroom. Generally, when conducting measurements in the classroom, we recom-
mend using a projector which is wirelessly connected to an iOS device via “AirPlay”
(e.g. with an AppleTV or a computer).

Another possible application is to observe the acceleration arrow while driving.
Ideally, this should be done on as flat a road as possible. Furthermore, the “Softness”
level (moving average) should be increased using the slider. Nonetheless, it is also

Fig. 15.5 Top view of a
pendulum standing on a table
with two coil springs attached
to a wall on the left. In this
setup, the restoring force is
caused by the coil springs
instead of gravity
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advisable to use a bump-free road, otherwise the jerking of the vehicle will cause a
strong wobble of the acceleration vector which may also make it impossible to
identify the car’s long-term accelerations, e.g. in curves. However, if the iPhone is in
a fixed position, e.g. by attaching it to the center console in the car, the passenger can
observe how the acceleration arrow changes when picking up speed, slowing down
or driving around a bend. The main advantage to this application is that students can
link the acceleration they experience with the acceleration vector they observe in
order to develop an accurate conception of the physical quantity “acceleration”.
Similarly, the recorded data of a car ride (max. 10 min) can be shown at a later time
(e.g. in a classroom) using the “playback” button. Here it has proven particularly
helpful to record the car ride with a video camera (using a second smartphone) and
then play the real video combined with a screen recording of AccelVisu2 to illustrate
how the direction of acceleration changes during the ride. To combine the two
videos, any simple video editing program can be used.
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Analyzing Radial Acceleration
with a Smartphone Acceleration Sensor 16
Patrik Vogt and Jochen Kuhn

This chapter continues the sequence of experiments using the acceleration sensor of
smartphones [for description of the function and the use of the acceleration sensor, see
[1] (Chap. 6)] within this column, in this case for analyzing the radial acceleration.

Radial acceleration is investigated in several experiments with smartphones: One
experiment is performed with experimental apparatus in a physics laboratory; the
other experiment is carried out with pupils at a children’s playground. This second
example provides a means of exploring radial acceleration using an everyday
object—in this particular example a merry-go-round. In this contribution the same
apps described in previous contributions about the use of acceleration sensors
installed in smartphones [1–3] (Chaps. 6, 29 and 32) are used (SPARKvue [4]
with an iPhone or an iPod touch, Accelogger [5] for an Android device). The values
measured by the smartphone are also subsequently exported to a spreadsheet appli-
cation (e.g., MS Excel) for analysis [1].

16.1 Radial Acceleration in the Physics Laboratory

In this example, a roof slat with a length of almost 2 m is fixed to an electric motor—
as is often found in physics collections, e.g., for experiments with a “Kugelschwebe”
(semi-circular channel) (Fig. 16.1). With the help of cable fixers, the smartphone is
then fixed onto the wooden slat at a defined distance from the rotation center r so that
the axis is pointing in the direction of radial acceleration [6]. Figure 16.2 shows a
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measurement example for a distance from the rotation center of 86.5 cm. When the
measurement is started, the motor is switched off; the measured radial acceleration is
close to zero (small deviations can arise because the smartphone is not positioned
perfectly horizontally). After approximately 5 s, the motor is switched on. From this
time onward, the iPhone moves with a constant track speed v.

If the acceleration values recorded at an interval of 12 s and 59 s are averaged, the
value is calculated to be 8.69 ms�2. This result can be compared with a conventional
measurement, in which radial acceleration a is indirectly determined using the
formula

a ¼ v2

r
: ð16:1Þ

For this, the time t is measured for a given number of revolutions n. For the
measurement example in Fig. 16.2, 20 revolutions occurred in 38.2 s. Taking into

Fig. 16.1 Experiment setup
to investigate radial
acceleration
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consideration the formula for the circumference and Eq. (16.1), radial acceleration is
calculated to be

a ¼ n24π2r
t2

¼ 202 � 4π2 � 0:865m
38:5 sð Þ2 � 9:36

m
s2
, ð16:2Þ

which matches well with the result of the smartphone measurement. Alongside
individual measurements of radial acceleration, the setup makes it possible to verify
Eq. (16.1) in an experiment. Namely, by recording a series of measurements, it is
possible to confirm the proportionalities a � v2 (for r ¼ constant) and a � 1/r (for
v ¼ constant). However, when selecting the velocity, it is advisable to limit the
measurement range of the acceleration sensors installed in the smartphone to � 2g.

16.2 Centripetal Acceleration of a Merry-Go-Round

In the second example, the radial acceleration of a merry-go-round, typically found
at children’s playgrounds, is examined (Fig. 16.3). In order to make the carousel
rotate, it is necessary to step onto it and apply force tangentially to the circular disc in
the middle of the merry-go-round. Before the merry-go-round starts rotating, the
smartphone is fixed at a given distance r from the rotation center either on the outside
railing or the seating area of the merry-go-round so that an axis is pointing in the
direction of radial acceleration. Similar to the previous example, this is performed
with the help of cable fixers or adhesive tape, for example. Figure 16.4 shows a

Fig. 16.3 Experimental setup to examine centripetal acceleration of a merry-go-round
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measurement example for a distance from the rotation center of 79 cm. After the
measurement has been started on the app, the merry-go-round is accelerated from a
complete standstill to a maximum value. In this example, the process lasts for
approximately 8 s. After this, the acceleration process is stopped and the merry-
go-round slows as a result of friction until it reaches a complete standstill (Fig. 16.4).

In order to obtain radial acceleration, several acceleration values recorded at a
short interval are averaged at the end of the acceleration process (e.g., at 9 s and 14 s;
Fig. 16.5). In this case, it results in a value of approximately 3.52 ms�2. This result
can be compared to a conventional measurement in which radial acceleration a is
indirectly determined by applying Eq. (16.1). Then Eq. (16.2) is applied, resulting in
a¼ 3.73 ms�2 for T¼ 2.89 s and r¼ 0.79 m, so that the values from the experiments
can also be considered acceptable with a relative error of approximately 6%.

Studying this phenomenon using smartphones’ acceleration sensor should also be
integrated in a more sophisticated instructional setting, connected with other phe-
nomena [7–9] addressing the students’misconceptions which could be related to this
concept [10]. Anyway, current research shows that using this method to study free
fall and oscillation phenomena could at least increase curiosity and motivation of the
students when they learn with smartphones or tablets as experimental tools [11].
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Detect Earth’s Rotation Using Your
Smartphone 17
Julien Vandermarlière

If Galileo had had a smartphone. . . could he have proved that Earth rotates about its
own axis? Perhaps! For that he could have used the accelerometers, which they all
contain. Their reliability for carrying out scientific experiments has been tested
numerous times [1–7]. Thanks to them we can measure the value of the acceleration
due to gravity. It turns out that this value changes according to our latitude, mainly
due to the centrifugal effect linked to this rotation. In this chapter we propose an easy
method that can be used to detect this effect. It will suffice to measure the value of
the acceleration due to gravity, which will be measured at different latitudes with a
smartphone during a trip.

17.1 Theoretical Background

In 1672, Jean Richer [8], a French astronomer, was sent to Cayenne (French Guyana)
to study the parallax of the planet Mars. During this trip he noticed that a pendulum
beats slower near the equator than in Paris. This observation was quickly interpreted
by Huygens as being an effect of the rotation of Earth! The closer we get to the
equator, the more distant we are away from its axis of rotation. This increases the
centrifugal acceleration to which we are subjected. As this acceleration is opposite
the acceleration due to gravity, the closer we get to the equator, the lower is the
apparent gravity! In addition, this centrifugal acceleration causes an equatorial
bulge. This moves us a little bit further from the axis of rotation, thus increasing
the centrifugal effect and lowering the value of the apparent gravity even more.
Huygens and Newton quickly attempted to mathematically model this variation of
the gravity as a function of latitude, and expeditions were sent worldwide to measure
it. Nowadays, the World Geodetic System Ellipsoidal Gravity Formula (Eq. 17.1) [9]
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accounts for this phenomenon with good precision (where ϕ is the value of latitude
at the considered place). In this chapter it will be used, thanks to an online calculator
[10], to find out the theoretical values that will be compared to the experimental
ones.

g latitudeð Þ ¼ 9:7803267714 � 1þ 0:00193185138639 � sin 2 ϕð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 0:0066943799013 � sin 2 ϕð Þ
q

0

B

@

1

C

A

ð17:1Þ

17.2 Description of the Experiment

If one wants to detect these tiny variations of gravity with a smartphone, one should
make a trip with a wide variation in latitude. This is what I was lucky to do on a flight
between Cancun, Mexico (latitude 21.2�), and Chicago, USA (latitude 41.9�)
(Fig. 17.1). These two locations have almost the same longitude and a very low
altitude. In order to measure g, phyphox [11] was used. This application offers the
possibility to start a recording with a “start delay” and with an automatic stop after a
selected duration (Fig. 17.2). This does not disturb the measurements when the

Fig. 17.1 From Cancun to Chicago, the perfect trip to detect the rotation of Earth! (Credit Google
Earth)
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screen is touched. The method chosen was to leave the smartphone in my pants
pocket for at least 1 h (to ensure an almost constant temperature between
measurements), to put the smartphone horizontally on a soft seat (in order to avoid
vibrations), and then launch an acquisition of 10 s. The sampling frequency depends
mostly on the sensor embedded in the smartphone. Phyphox allows you to find out
its name and its characteristics. In my case, with a Huawei Mate 20, the sensor is an
InvenSense ICM-20690. The sampling frequency was 500 Hz. That makes 5000
measurements for 10 s. This is enough to make a significant average. By proceeding
this way, it was possible to obtain reproducible measurements of the average at more
or less 0.003 m/s2. The standard deviation of the measurements (Fig. 17.3) was about
0.008 m/s2 and the standard error of the average values 0.0001 m/s2. It is important
to carry out the experiment in a short period of time because from 1 week to another
the calibration of the acceleration sensor can suffer from a drift. Equation (17.1)
predicts the difference of g between Chicago (g ¼ 9.803 m/s2) and Cancun
(g ¼ 9.787 m/s2) to be 0.016 m/s2; we will be comparing our experimental results
to this prediction.

17.3 Results

On Feb. 22, 2020, at Cancun airport, a value of g¼ 9.741 m/s2 was found. Six hours
later, another measurement was carried out at the Chicago airport, resulting in
g ¼ 9.760 m/s2. The subtraction between these two values, 0.019 m/s2 is in pretty
good agreement with the theoretical values given by Eq. (17.1) (Table 17.1).

17.4 Conclusion

It therefore seems possible to detect one of the effects of Earth’s rotation thanks to a
smartphone! It is simply presented as a tool allowing one to perform in a practical
way the same experiments as those traditionally done in class. Galileo would surely
have been one of the great contributors to these columns if he had had a smartphone!

Fig. 17.2 Phyphox allows
timed run experiments
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Cancun (Mexico), 21.2� 9.787 m/s2 9.741 � 0.003 m/s2
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Angular Velocity and Centripetal
Acceleration Relationship 18
Martín Monteiro, Cecilia Cabeza, Arturo C. Marti, Patrik Vogt,
and Jochen Kuhn

During the last few years, the growing boom of smartphones has given rise to a
considerable number of applications exploiting the functionality of the sensors
incorporated in these devices. A sector that has unexpectedly taken advantage of
the power of these tools is physics teaching, as reflected in several recent papers [1–
10]. In effect, the use of smartphones has been proposed in several physics
experiments spanning mechanics, electromagnetism, optics, oscillations, and
waves, among other subjects. Although mechanical experiments have received
considerable attention, most of them are based on the use of the accelerometer
(e.g. Chaps. 6, 16, 29, and 32) [1–8]. An aspect that has received less attention is
the use of rotation sensors or gyroscopes (e.g. Chaps. 22 and 39) [9, 10]. An
additional advance in the use of these devices is given by the possibility of obtaining
data using the accelerometer and the gyroscope simultaneously. The aim of this
chapter is to consider the relation between the centripetal acceleration and the
angular velocity. Instead of using a formal laboratory setup, in this experiment a
smartphone is attached to the floor of a merry-go-round, found in many playgrounds.
Several experiments were performed with the roundabout rotating in both directions
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and with the smartphone at different distances from the center. The coherence of the
measurements is shown.

18.1 Experimental Setup

The experimental setup, shown in Fig. 18.1, consists of a smartphone placed in a box
made with polyurethane foam and fixed to the floor of the merry-go-round using two
strong neodymium magnets. An LG Optimus P990 2X (Sensors: three-axis acceler-
ometer KXTF9 Kionix, accuracy 0.001 ms�2, three-axis gyroscope MPU3050
Invensense, accuracy 0.0001 rad/s) similar to the one used in [10]) was used. It
was oriented with the display pointing upward and the short end parallel to the radial
direction, as shown in the figure. Measurements that are relevant in this experiment
are those reported by the rotation sensor according to the z-axis and the radial
acceleration corresponding to the x-axis.

18.2 Rotatory Motion

The merry-go-round was propelled in a counterclockwise direction and allowed to
come to a stop by the effect of friction, and then propelled again but in the clockwise
direction. The experiment was repeated for different distances of the smartphone to
the rotation center: 40, 60, 80, 100, and 120 cm. The angular velocity is measured

Fig. 18.1 Smartphone mounted on a merry-go-round
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with the z-component of the gyroscope, while the centripetal acceleration is
measured with the x-axis of the accelerometer.

The measurements obtained are summarized in Figs. 18.2 and 18.3, where the
centripetal acceleration ac is plotted as a function of the angular velocity ω and the
angular velocity squared ω2, respectively. The linear and parabolic fits included in
these figures reveal that both magnitudes are related by the well-known relationship

Fig. 18.2 Centripetal acceleration as a function of the angular velocity for different distances
indicated in the legend box

Fig. 18.3 Centripetal acceleration as a function of the angular velocity squared for different
distances
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ac ¼ ω2R, ð18:1Þ
where R is the distance from the smartphone to the axis of the merry-go-round. The
coefficients given by the fit correspond to the distances with very good agreement.
To complete the analysis in Fig. 18.4, the considered magnitudes are plotted as
functions of time for one of the realizations. We observe in this figure the different
stages of the motion. During the first seconds, the merry-go-round is pushed fiercely.
Next, between approximately 10 and 80 s, it is slowing down gradually. Finally, in
the last seconds, the merry-go-round is abruptly stopped. It is worth noting that, due
to limitations of the smartphone, the sampling rate is not uniform. In addition,
comparing with Fig. 18.3, we note that the wide gap about ω2 � 2 rad2/s2 is a
consequence of the violent stopping process. The analysis and comparison of the
different figures can be the origin of a stimulating classroom discussion.

18.3 Conclusion

A basic kinematic relationship between angular velocity and centripetal acceleration
was verified using smartphone sensors. The coherence of the measurements taken
with the different sensors was shown. This experiment illustrates the simplicity of
using a smartphone in physics experiments. It is worth mentioning that the experi-
ment proposed here is not easy to implement in a traditional laboratory. Indeed,
angular velocity measurements require rotation sensors that are not easily coupled to
rotating devices such as a merry-go-round. In addition, traditional sensors available
in most laboratories are not only considerably more expensive than smartphones, but

Fig. 18.4 Angular velocity and centripetal acceleration as a function of time, corresponding to one
of the realizations shown in the previous figures. The distance is R ¼ 120 cm and the merry-go-
round is spinning counterclockwise
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also need wired connections. A similar experimental setup, without using
smartphones, is far more complex than that proposed in this chapter.

The experiment could also be conducted in a classroom, e.g., with a rotating disk,
if no adequate merry-go-round is available.
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Determination of the Radius of Curves
and Roundabouts with a Smartphone 19
Christoph Fahsl and Patrik Vogt

Based on earlier work [1], this chapter describes two further experiments that can be
carried out on the road. It will be explained how to determine the radius of curves
and roundabouts of public streets using only a smartphone. The first experiment
shows how to determine the radius of a curve by driving a car around the curve while
sampling the acceleration data of the car. The second experiment shows how to
calculate the radius of a roundabout by using the built-in gyroscope sensor in
combination with the acceleration sensor of the smartphone. The same procedure
was used by Monteiro et al. (Chap. 18) [2] to examine a merry-go-round.

19.1 Determination of a Curve Radius Using the Acceleration
Sensors

For this experiment, the smartphone has to be mounted in the car, in order that the
two acceleration sensors are correctly aligned—one in the direction of motion and
one orthogonal to the direction of motion. To execute the experiment, start the
sampling of the acceleration data while the car is in a standstill position. When the
car is at a standstill, accelerate to a certain velocity that permits one to move around
the bend at a constant speed and radius. The car, as well as the measurement, can be
stopped once the curve has been passed. In the following graph you can see the
acceleration data as a function of time (Fig. 19.1).

By integrating the acceleration data in the direction of motion over time, you
obtain the velocity graph of the car as a function of time (Fig. 19.2).
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The relation between velocity and orthogonal acceleration (centripetal accelera-
tion) of a constant circular motion allows us to determine the radius of the curve:

ac ¼ v2

r

(ac ¼ orthogonal acceleration, v ¼ velocity of the car, r ¼ radius of curve). The
following section shows the result of three consecutive measurements including the
standard errors of the average means:

Fig. 19.1 The acceleration data as functions of time

Fig. 19.2 The velocity of the car and the acceleration data orthogonal to the car as functions
of time
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r1 ¼ 14:1� 0:1ð Þm, r2 ¼ 14:6� 0:1ð Þm, r3 ¼ 13:61� 0:12ð Þm:

The analysis of the curve via Google Maps yields to a radius of 13.7 m and hence
agrees with the values determined by the experiment (Fig. 19.3).

19.2 Determination of the Radius of a Roundabout Using
the Acceleration Sensor in Combination
with the Gyroscope Sensor

For this experiment, the smartphone has to be aligned in the direction of movement.
Afterwards, you sample the data of the gyroscope and acceleration sensor simulta-
neously while driving around a roundabout with constant speed and radius
(Fig. 19.4).

The relation between centripetal force and angular velocity allows the calculation
of the radius of the roundabout (Fig. 19.4):

r ¼ a
ω2

(r ¼ radius, a ¼ centripetal acceleration, ω ¼ angular velocity). Two consecutive
measurements lead to the following results

r1 ¼ 11:42� 0:01ð Þ m, r2 ¼ 11:789� 0:019ð Þ m:

The analysis of the curve via Google Maps yields to a radius of 11.2 m (see
Fig. 19.5). Again, the values of the experiment are consistent with the theoretical
values determined by the analysis of the roundabout via Google Maps.

Fig. 19.3 Google Maps
overview of the curve used in
this experiment
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Finally it can be concluded that with the two presented methods, curve radii can
be determined with sufficient accuracy for educational purposes.
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Fig. 19.4 The centripetal acceleration and angular velocity as functions of time
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Understanding Coffee Spills Using
a Smartphone 20
Fernando Tornaría, Martín Monteiro, and Arturo C. Marti

The SpillNot® is an ingenious and effective device that aims to solve the everyday
problem of transporting an open cup of hot beverage like tea or coffee without
spilling. It not only avoids spills under the normal conditions in which a drink is
usually carried, but also remains effective in extreme conditions such as giving full
turns in a vertical or a horizontal plane. To help explain the operation of this device,
instead of a cup, a smartphone was placed on the base of a SpillNot®. The accelera-
tion components, parallel and perpendicular to the base, were obtained using the
built-in accelerometer. The analysis of these measures sheds light on the physical
mechanisms of the SpillNot®.

20.1 The Physics of the SpillNot®

Everyone has experienced the problem of carrying a cup containing a hot beverage
like coffee or tea. Common knowledge suggests that one must be especially careful
to avoid spills. One possible solution is to use a SpillNot [1], a simple device aimed
at solving this daily problem. It consists of an anti-slip pad placed on a base that is
attached by a handle, which in turn is held by a ribbon. When someone carries a
SpillNot® held by the ribbon with a cup placed on its base, it is possible to oscillate
the device with large amplitudes and even to give full turns in a vertical or in a
horizontal plane, as shown in Fig. 20.1.
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Let us consider a simple model of the SpillNot® as a pendulum. On one hand,
defining θ as the angle with the vertical from the lowest position, the vertical and
horizontal acceleration components are given by

ay ¼ T
m

cos θ � g

and

ax ¼ T
m

sin θ

thus the angle of the pendulum with the vertical verifies

tan θ ¼ ax
gþ ay

:

On the other hand, in general, a fluid cannot sustain a force that is tangential to its
surface. As a consequence, the free surface in a system subject to a constant
acceleration forms an angle with the horizontal, whose tangent is given by

ax
gþ ay

,

where ax and ay are the horizontal and vertical acceleration components, as indicated
in Fig. 20.2. Putting these facts together, we see that, if we want no spilling, the angle
of the SpillNot® with respect to the vertical needs to be the same as the angle of the
liquid with respect to the horizontal. So, if the acceleration is approximately
perpendicular to the base, the liquid will remain roughly parallel to the base. This
analysis is approximate in several factors; transient effects, the motion of the hand, or
the finite size of the device, among others, are neglected. However, the key point,

Fig. 20.1 Snapshot showing
a cup on a SpillNot® giving
full turns in a vertical plane;
the surface of the liquid can be
appreciated
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i.e., that the radial acceleration should be considerably larger than the tangential
acceleration in order to limit spilling, is revealed.

20.2 Experimental Results

To verify this conclusion, instead of a cup of hot beverage, a smartphone was placed
on the base of a SpillNot® and the system set in motion oscillating with a large
amplitude in a vertical plane. An Android smartphone (Samsung GT-I9100)
furnished with a three-axis accelerometer (ST-Microelectronics K3DH, 0.005 m/s2

resolution and 16 Hz sampling rate) was used. The Androsensor application [2] was
used to record sensor readings. The radial acceleration is given by the sensor along
the z-axis while the vectorial sum of the values corresponding to the x- and y-axis is
the tangential component.

The temporal evolution of the acceleration is shown in Fig. 20.3. It can be
appreciated that the magnitude of the radial component is much greater than the
tangential component. It must be highlighted that acceleration sensors measure, in
fact, an apparent acceleration (Chap. 6) [3, 4], resulting from the vectorial sum of the
real acceleration and the acceleration associated with a gravitational field in the
opposite direction to that of the real gravitational field. As a consequence, the radial
acceleration is centered about 10 m/s2, instead of about a null value. In addition, the
tangential component also oscillates around a non-zero value. This is due to the fact
that the SpillNot® is asymmetric and, when hanging at rest held from the ribbon, the
base is not horizontal but inclined at an angle of approximately 8�.

Fig. 20.2 The slope of a free
surface in a container moving
with uniform acceleration a is
perpendicular to direction of
the sum of the gravitational
and the fictitious force F*
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20.3 Final Remarks

In this contribution a simple experiment using a smartphone helps to analyze a daily
problem and discuss the underlying mechanisms of a device that, at first sight,
appears to be magic. It is worth noting that, far from trivial, sloshing dynamics is a
problem that goes beyond the carrying of hot beverages and has received consider-
able attention in physics and engineering [5]. For instance, one important application
is the control of large liquid-filled structures such as rocket fuel tanks.
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Fig. 20.3 Acceleration components as functions of time. During the interval between approxi-
mately 3 s and 15 s, the system is performing large oscillations in a vertical plane
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Tilting Motion and the Moment of Inertia
of the Smartphone 21
A. Kaps and F. Stallmach

Smartphones and their internal sensors offer new options for an experimental access
to teach physics at secondary schools and universities. Especially in the field of
mechanics, a number of smartphone-based experiments are known illustrating, e.g.,
linear and pendulum motions [1–4] as well as rotational motions [5–8] using the
internal MEMS accelerometer and gyroscope, respectively.

In this chapter we propose to measure the angular velocity of the smartphone
during a controlled tilting motion. The aim is to determine the moment of inertia of
the smartphone and compare it to reference data provided by the theory of rigid body
motions. The experiment itself takes just a few seconds. It requires a soft mat and a
smartphone with an application recording the angular velocity during the tilting
motion. For this purpose, we chosen the app phyphox [9] (RWTH Aachen,
Germany) available for Android and iOS smartphones.

21.1 Theoretical Background

When the smartphone overturns from a position, where it freely stands with its center
of mass S in the height d just above its longest edge b, onto a position, where it
arrives with its back face on the soft mat (Fig. 21.1), its potential energy is
transformed in kinetic energy of rotation [10]

Ib
2
� ω2

y, max ¼ m � g � d � c
2

� �
: ð21:1Þ
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Here, m and Ib denote the mass and the moment of inertia of the smartphone,
respectively, g is the gravitational acceleration, and ωy,max represents the angular
velocity of the circular motion in the moment of time the smartphone meets the mat.

Because the axis of rotation is the edge b (Fig. 21.1), the length d that follows
from the dimensions of the smartphone via the Pythagorean theorem

d ¼ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ c2

p
ð21:2Þ

is also required for calculating the moment of inertia Ib using the parallel axis
theorem [10],

Ib ¼ Iy þ m � d2: ð21:3Þ
Iy is the principal moment of inertia of the smartphone for an axis pointing in the
y-direction. Combining Eqs. (21.1) to (21.3) we find

Iy ¼ m � g � 2 � d � cð Þ
ω2
y, max

� m � d2: ð21:4Þ

A suitable reference value for comparison with the experimental result obtained via
Eq. (21.4) may be calculated by assuming the smartphone as a homogeneous cuboid
[6]. The corresponding principal moment of inertia is

Iy ¼ 1
12

� m � a2 þ c2
� �

, ð21:5Þ

where a and c are the lengths of the two edges of the smartphone orientated
perpendicular to the y-axis.

21.2 The Experiment

The experimental setup is depicted in Fig. 21.1. The smartphone initially stands on a
non-slippery soft mat. The app phyphox records and displays the data of the angular
velocity ωy(t) from the MEMS gyroscope. The smartphone is carefully moved until
its center of mass S is directly above its long edge b. In this moment it starts to tilt

Fig. 21.1 Sketch of the
experiment. The smartphone
tilts and impinges on a soft
mat (drawn in orange) to
inhibit sliding and to damp
mechanical shocks
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freely under the influence of the gravitational force. After it comes to rest on the mat,
the data recording is stopped and the ωy(t) data may be analyzed or exported to
another device.

Figure 21.2 displays the angular velocity ωy(t). The onset of the free tilting at
t� 0.75 s, the maximum angular velocity (tmax� 1.13 s), as well as the impingement
of the smartphone on the mat (t � 1.15 s) are easily identified. We just read the
maximum angular velocity from the data table or the graph (Fig. 21.2), estimate its
measurement uncertainty, and calculate the experimental and the reference values of
the moment of inertia of the smartphone with Eqs. (21.4) and (21.5), respectively
(see Table 21.1). Both values are found to agree within the given measurement
uncertainties.

In summary, the proposed experiment yields reasonable quantitative results for
the principal moment of inertia of the smartphone. For students, it replicates and

t/s
. . . . . . .

Fig. 21.2 Angular velocity ωy(t) of the smartphone during the tilting experiment. The maximum
value is ωy,max ¼ (18.5 � 0.4) rad � s�1

Table 21.1 Data of the
smartphone as given by the
manufacturer [11] and the
experimental [Eq. (21.4)]
and reference [Eq. (21.5)]
values of the moment of
inertia Iy

length a (x-direction) (7.81 � 0.01) cm

height b (y-direction) (15.84 � 0.01) cm

width c (z-direction) (0.75 � 0.01) cm

mass m (239 � 1) g

experimental value Iy (1.18 � 0.35) � 10�4 kg m2

reference value Iy (1.23 � 0.05) � 10�4 kg m2
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joins important topics of the rotational movement of rigid bodies. They may conduct
this experiment with their own smartphones as pocket lab. Our physics teacher
trainees perform this experiment in groups of two as homework during their first
experimental physics course [12].
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Angular Momentum 22
Asif Shakur and Taylor Sinatra

The gyroscope in a smartphone was employed in a physics laboratory setting to
verify the conservation of angular momentum and the nonconservation of rotational
kinetic energy. As is well-known, smartphones are ubiquitous on college campuses.
These devices have a panoply of built-in sensors. This creates a unique opportunity
for a new paradigm in the physics laboratory (Chaps. 6, 29, and 32) [1–3]. Many
traditional physics experiments can now be performed very conveniently in a
pedagogically enlightening environment while simultaneously reducing the labora-
tory budget substantially by using student-owned smartphones.

22.1 Experimental Procedure

A “Lazy Susan” turntable was acquired very costeffectively [4] and used as a
rotating platform. A smartphone was secured to the edge of the turntable by means
of masking tape (Fig. 22.1). The “record” button on the app, xSensor by Crossbow
Technology Inc. [5], was pressed and the turntable was manually spun subsequently
and almost simultaneously. The time delay does not have a deleterious effect on the
integrity of the measurements, as the following discussion will convince the reader.
The gyroscope output from the smartphone was recorded by the app for 5 s.

This provided us the “control” data for the normal deceleration of the angular
velocity ωz (gyroscope output of the smartphone), of the manually spun turntable.
The weight was a 2.5-lb (1.13-kg) disk. The next step was to spin the turntable
manually and gently drop the weight onto the spinning turntable. The experiment
was repeated for three different positions where the weight was dropped. The
gyroscope app on the smartphone dutifully recorded the angular velocity every
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0.25 s. These data were analyzed to establish the conservation of angular momentum
and the nonconservation of rotational kinetic energy.

22.2 Experimental Data

The gyroscope data for the 1.13-kg weight drop for three different positions of the
drop (r ¼ 0 cm, r ¼ 5 cm, and r ¼ 10 cm) are recorded in Table 22.1. The control
data and one set of data for the 10-cm disk drop are depicted in Fig. 22.2.

22.3 Experiment Meets Theory

We will analyze the tabulated data and perform a sample calculation. But first let us
get a few preliminaries out of the way. The lazy Susan has a mass of 415 g with a
radius of 20 cm. This includes a black outer ring. The moment of inertia of the lazy
Susan is calculated to be 12.63�10�3 kg�m2. The moment of inertia of the
smartphone with case was calculated to be 4.13�10�3 kg�m2. Thus, the total moment
of inertia of the lazy Susan and smartphone combo is 16.73�10�3 kg�m2. The 1.13-kg
disk weight has a radius of 6.5 cm. We used the parallel-axis theorem to calculate the
moment of inertia of the disk weight to be 2.43�10�3 kg�m2 when dropped at the
0-cm mark (center of lazy Susan), 5.23�10�3 kg�m2 when dropped at the 5-cm mark,
and at the 10-cm mark to be 13.73�10�3 kg�m2. In Fig. 22.2 for the 1.13-kg disk
weight drop at the 10-cm mark, we note a sudden drop in the angular velocity from

Fig. 22.1 Smartphone
secured on a “Lazy Susan”
turntable

Table 22.1 Gyroscope data for disk drop at three different distances on the Lazy Susan

ωi ωf Iiωi Ifωf ½ Ii ωi
2 ½ If ωf

2

r ¼ 0 cm 11.9 10.1 0.199 0.193 1.19 0.98

r ¼ 5 cm 11.5 8.8 0.192 0.193 1.1 0.85

r ¼ 10 cm 11.1 6.18 0.186 0.188 1.03 0.58
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11.11 rad/s to 5.68 rad/s. Incorporating the control correction of 0.5 rad/s (which is
how much the lazy Susan would have decelerated even without the weight drop), we
reckon that the weight drop slowed the lazy Susan from 11.11 rad/s to 6.18 rad/s.
The angular momentum before the weight drop is Iiωi ¼ (16.73 � 10�3) (11.11), so
Iiωi ¼ 0.186. The angular momentum after the weight drop is Ifωf ¼ (30.43 � 10�3)
(6.18), so Ifωf ¼ 0.188. So, the angular momentum is conserved to within 1%.

22.4 Is the Rotational Kinetic Energy Conserved?

We have established in the previous section that the angular momentum is conserved
when we drop a weight onto a rotating platform. Let us consider the initial and final
rotational kinetic energies for the same data from the gyroscope of the smartphone.
In Fig. 22.2 for the 1.13-kg disk weight drop at the 10-cm mark, we note a sudden
drop in the angular velocity from 11.11 rad/s to 5.68 rad/s. Incorporating the control
correction of 0.5 rad/s (which is how much the lazy Susan would have decelerated
even without the weight drop), we reckon that the weight drop slowed the lazy Susan
from 11.11 rad/s to 6.18 rad/s. The rotational kinetic energy before the weight drop is
½Ii ωi

2¼½ (16.73�10�3) (11.11)2, so½Ii ωi
2¼ 1.03 J. The rotational kinetic energy

after the weight drop is ½ If ωf
2 ¼ ½ (30.43�10�3) (6.18)2, so ½ If ωf

2 ¼ 0.581 J. So,
there is a 44% loss in the rotational kinetic energy.
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Fig. 22.2 Angular velocity vs time for the 1.13-kg weight drop

22 Angular Momentum 127



22.5 Conclusion

We used the output of a smartphone gyroscope to establish the conservation of
angular momentum in an experiment where a weight was dropped onto a rotating
platform. In the same experiment, we demonstrated that the rotational kinetic energy
is not conserved. The smartphone is a robust and versatile device that can accurately,
conveniently, and reproducibly measure physical quantities such as magnetic fields,
acceleration, and angular velocity. This creates an opportunity for a new paradigm in
physics pedagogy. Student-owned smartphones can conveniently be implemented in
the physics laboratory while reducing the laboratory budget. We have found that
students take enormous pride in the data generated by their smartphones and are
excited and motivated to learn from them. We even let them take their newfound
physics toy home with them!
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Angular Velocity Direct Measurement
and Moment of Inertia Calculation of a
Rigid Body Using a Smartphone

23

Matthaios Patrinopoulos and Chrysovalantis Kefalis

In this chapter we focus on smartphones as experimental tools; specifically we use
the gyroscope sensor of a smartphone to study the turning motion of a rigid body.
Taking into consideration recent work concerning that topic (Chaps. 18 and 39)
[1, 2], we try to use the gyroscope sensor in studying the complex motion of a rolling
cylinder on a slope.

Tablets and smartphones are very common now in our everyday life. These
devices are equipped with a number of sensors, such as accelerometer, gyro sensor,
thermo sensor, global positioning system sensor, light sensor, proximity, etc. Several
works have proposed the use of smartphones in the conduction of laboratory
experiments on mechanics (Chaps. 6, 10, 16, 22, 29, and 32) [3–11], electromagne-
tism (Chap. 58) [12, 13], optics (Chap. 66) [14], oscillations [15, 16], and waves
(Chaps. 43 and 48) [17, 18].

23.1 Experimental Setup

In the experiment we used a rigid body (a barbell, consisting of two connected iron
disks) rolling down an inclined plane in order to take direct measurements of its
angular velocity during the motion. We attached the smartphone to the body near the
axis of rotation. In this way, due to the small mass and dimensions of the mobile
phone relative to these of the iron disks, we can take measurements without affecting
the body’s moment of inertia (Fig. 23.1) significantly.

According to our calculations, the moment of inertia of the used mobile phones
(i.e., Samsung S3) proves to be two orders of magnitude smaller than that of the used
rigid body. Specifically the moment of inertia of the mobile phone about the axis of
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rotation is �2.62 � 10�4 kg�m2, while the calculated moment of inertia of the rigid
body (with the smartphone attached) was about 6.3 � 10�2 kg�m2 (our uncertainty in
this estimate is unclear because the rigid body deviates from cylindrical shapes in
unspecified ways, but even so, two orders of magnitude separate the two). The mass
of the structure was 10.300 � 0.005 kg and the corresponding radius
0.1100 � 0.0005 m.

We used the application Physics Toolbox Gyroscope [19] to record the
measurements. The smartphone we used was a Samsung S3, which is equipped
with LSM330DLC gyroscope sensor, with limit �2000 deg/s. In this way (by using
the smartphone as a laboratory instrument and its software), we can take
measurements with a refresh rate up to 200 Hz. In order to carry out our
measurements but also to conserve energy to be able to use the smartphone for a
large number of other measurements, we chose to take measurements with the
refresh rate of 20 Hz. These data can then be exported to a file and be analyzed by
appropriate software. To verify the accuracy of the measurements from the
smartphone, we also used video analysis of the motion. For a small-angle inclined
plane (�2�) we compared the data of the video analysis with the measurements we
took from the smartphone and we could clearly see that there was no deviation of the
angular velocity measured. This concurrence gave us confidence in the smartphone
technique. At larger angles, such as the inclined plane of length 0.7000 � 0.0005 m
and height 0.0840 � 0.0005 m considered below, video analysis did not allow the
precision obtained below, which highlights an advantage of the smartphone method.

23.2 Measurements

While letting the body roll on a small-angle inclined plane, we record its angular
velocity ω as function of time t. Our measurements are depicted on the diagram of
Fig. 23.2. From this diagram we can clearly see that the angular velocity is propor-
tional to the time as the rigid body accelerates, something that is confirmed by the
theory.

From the diagram we proceed to calculate the angular acceleration:

 

Fig. 23.1 Smartphone mounted on the center of a rigid body
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ar ¼ ωbot � ωup

Δt : ð23:1Þ

Based on the angular acceleration and given that the rigid body does not slide, we
calculate the system’s moment of inertia through the following relations:

m � g � sin θ � Fs ¼ m � acm ð23:2Þ
Fs � R ¼ I � ar ð23:3Þ
R � ar ¼ acm ð23:4Þ

Thus the moment of inertia is given by the expression

I ¼ R � m � g � sin θ � m � ar � R2

ar
, ð23:5Þ

where:
m ¼ the body’s mass
ar ¼ the angular acceleration
acm ¼ the acceleration of the body’s center of mass
I ¼ the moment of inertia
Fs ¼ the friction
R ¼ the cylinder’s radius
θ ¼ the inclined plane’s angle
The angle of incline was about 7�, and the angular acceleration as calculated from

the trend line of the diagram is ar ¼ 7.43 rad/s2. The experimental value of the
moment of inertia was found to be (5.78 � 0.08) � 10�2 kg�m2, indicating that our
theoretical value from above was an overestimate (a deviation of �8%).
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Fig. 23.2 Presentation of the measurements after exporting the data from the smartphone to MS
Excel; from the slope of the diagram we can calculate the angular acceleration
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We repeated the measurements adding a soft, deforming surface on the inclined
plane (specifically, a layer of polystyrene). Our measurements are depicted in
Fig. 23.3.

The angle of the incline plane was 7�, so the angular acceleration as calculated
from the trend line of the diagram is ar ¼ 5.68 rad/s2. There is a deviation of the
theoretical value of radial acceleration of about 75% due to the deformation of the
surface and the ensuing rolling friction.

The proposed experimental setup provides the opportunity to obtain direct
measurements of the angular velocity of a rigid body and, therefore, to calculate
the moment of inertia.

We have chosen to study the measurement of the moment of inertia, among other
given possibilities, because it is a mandatory exercise for schoolchildren in Greece. It
is usually proposed that these measurements be made by means of photogates or
chronometers. Our method allows schoolchildren to make such measurements with
smartphones.
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Part V

Mechanics of Deformable Bodies



Surface Tension Measurements
with a Smartphone 24
Nicolas-Alexandre Goy, Zakari Denis, Maxime Lavaud,
Adrian Grolleau, Nicolas Dufour, Antoine Deblais,
and Ulysse Delabre

Smartphones are increasingly used in higher education and at university in mechan-
ics (Chaps. 6 and 29) [1–3], acoustics (Chap. 44) [4], and even thermodynamics [5]
as they offer a unique way to do simple science experiments. In this chapter we show
how smartphones can be used in fluid mechanics to measure surface tension of
various liquids, which could help students understand the concept of surface tension
through simple experiments.

24.1 Background

Interfacial tension is the energy per unit area required for a material to create an
interface with a surrounding material. This surface tension exists for interfaces
between solids, liquids, and gas. In the case of a liquid surrounded by air, interfacial
tension is often called surface tension, which plays an essential role in many natural
phenomena such as pulmonary breathing, use of detergents, and insect-walking on
water [6–8]. Usually surface tension is measured with quite expensive equipment
(Wilhelmy plate, ring method) and long calibration procedures in order to get very
accurate values, which perhaps prevents a simple understanding of the concept of
surface tension. The method described here is based on the standard pendant drop
method [9], where a drop of liquid is suspended from a tube as shown in Fig. 24.1a.
The shape of the drop is then governed by the balance of surface tension forces along
the tube and the weight of the drop. We show here that without a specific image
setup, smartphones are accurate enough to get reasonable values of surface tension
for various liquids such as water, oil, and water with detergent, and can be done
easily by students on their smartphones.
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When a drop is hung at the tip of a tube, the shape of the drop is governed by the
local Laplace equation, where the weight of the drop and surface tension forces are
balanced. The complete resolution of this equation requires computational [9, 10]
analysis, which is the basis of the commercial measurement of surface tension.

However another way to estimate surface tension can be given by the following
simple equation [10]:

γ ¼ ΔρgD2
E

H
, ð24:1Þ

where Δρ is the difference in density between the liquid and air, g is the gravitational
constant (g¼ 9.81 m/s2),DE is defined in Fig. 24.1a and is the maximum diameter of
the pendant drop, and

1
H

¼ f
DS

DE

� �

is a dimensionless function of the ratio between DS and DE, which accounts for the
specific shape of the drop due to gravity.DS is defined as the diameter of the drop at a
distance DE from the bottom of the drop. For instance, if the drop was a perfect
sphere, DS would be zero. Due to gravity, the droplet is then elongated and DS

becomes strictly positive. This 1/H function can then be understood as a form factor
and has been calculated numerically [9], but for our purpose we use the values
tabulated in classic books [10] and represented in Fig. 24.1c. However, it is also
interesting to note that within a good approximation, this 1/H dimensionless function
can be approximated by a simple analytical formula,

1
H

¼ a
DS

DE

� �b

,

with a � 0.345 and b � �2.5. Thus, following Eq. (24.1), surface tension can be
obtained by measuring diameters with a ruler directly on the screen of the
smartphone using the optical and numerical zooms of the smartphone.

Fig. 24.1 (a) Water droplet suspended at the tip of a Pasteur pipette. (b) Illustration of the
measurement of the diameters directly on the screen of the smartphone with a simple ruler. (c)
1/H as a function of the ratio DS/DE [10]. Note the logarithmic scale on the axes
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24.2 Experiment

Droplets of various liquids (water, olive oil, water with surfactants, ethanol) were
suspended at the tip of a Pasteur pipette (diameter tip dTube ¼ 1.4 mm) by dipping it
and pulling it out of a liquid reservoir. The experiment has also been tested with
standard straws such as the tube of a pen (dTube � 2.9 mm) or McDonald’s straw
(dTube � 5.9 mm) instead of Pasteur pipette to test the generality of our approach.
The smartphone used in the experiment is an iPhone 4 s (camera sensor 8 MPixels,
display 640 � 960 pixels, 3.5-in screen) and the standard camera function of the
smartphone is used. Taking advantage of the optical lens and the digital zoom (�5)
of the smartphone, it is possible to measure DE, DS, and dTube directly on the screen
of the smartphone with a standard ruler. For example, a droplet with a real diameter
DE ¼ 3.3 mm (Fig. 24.1a) can be magnified using the optics and the digital zoom of
the smartphone into a 2.8-cm diameter, which can easily be measured. For more
accurate measurements, it is also possible to export pictures and analyze them with
the free image analysis software ImageJ [11].

24.3 Results

Figure 24.2 shows typical pictures of various droplets at room temperature (20 �C)
taken with the smartphone. Using Eq. (24.1) we get surface tension values
summarized in Table 24.1. These results show that relatively good surface tension
values for various liquids are obtained with this smartphone method. Even if the
values obtained for surface tension for water are scattered, the values are always
larger than the surface tension of olive oil and ethanol droplets, which is consistent
with literature data. Indeed, a rough estimate of surface tension is given by [12]

γ � E
a2

,

Fig. 24.2 (a) Water droplet, (b) oil droplet, (c) ethanol droplet hung at the tip of a Pasteur pipette.
(d) Water droplet hung at the tip of a pen tube. (e) Water droplet hung at the tip of a McDonald’s
straw
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where E is the typical energy between two molecules and a the typical size of the
molecules. This explains that the surface tension of water due to hydrogen bonds is
much higher than that of olive oil or ethanol. For other measurements with standard
straws, the experimental surface tension gives reasonable values but they are less
accurate as explained in [13] because the diameter of the tube is quite large,
especially compared to capillary length

Lc ¼
ffiffiffiffiffiffiffiffiffi
γ

Δρg

r
,

which induces DS/DE ratios close to 1 (see for example Fig. 24.2e).

24.4 Conclusion

We present here a simple method to measure the surface tension of various liquids
with a smartphone. The simplicity of our method especially compared to force
measurement methods makes this approach interesting for educational purposes. It
could enable a simple characterization of surface tension.
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Exploring the Atmosphere Using
Smartphones 25
Martín Monteiro, Patrik Vogt, Cecilia Stari, Cecilia Cabeza,
and Arturo C. Marti

The characteristics of the inner layer of the atmosphere, the troposphere, are deter-
minant for Earth’s life. In this experience we explore the first hundreds of meters
using a smartphone mounted on a quadcopter. Both the altitude and the pressure are
obtained using the smartphone’s sensors. We complement these measures with data
collected from the flight information system of an aircraft. The experimental results
are compared with the International Standard Atmosphere and other simple
approximations: isothermal and constant density atmospheres.

25.1 The International Standard Atmosphere

The atmospheric conditions exhibit strong variations at different points and different
times. To provide a unified frame of reference, an atmospheric model, the Interna-
tional Standard Atmosphere (ISA), has been established [1]. It consists of tables of
pressure, temperature, density, and other variables suitable at mid-latitudes over a
wide range of altitudes. The ISA is used for several purposes ranging from altimeter
calibration to comparison of aircraft performance among others. The ISA is divided
into layers with simple temperature variations, depicted in Fig. 25.1. The inner layer
is the troposphere, from the surface until 11 km of height, in which the temperature
presents a linear gradient, named lapse rate, C ¼ �0.0065 �C/m.
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The flight information system usually available to the passengers in many
aircraft provides a clever way to quantify the relationship between temperature
and pressure. In Fig. 25.2 we plot the temperature as a function of the altitude
using data collected by a passenger. The linear fit gives a temperature gradient of
about C ¼ �0.0072 �C/m. Of course, this value highly depends on the particular
atmospheric conditions during this flight and does not necessarily represent accu-
rately the ISA. This exercise can be proposed as homework to students about to
travel on a plane.

In addition to the ISA we consider two further atmospheric models. A rather
crude approximation consists of considering the temperature constant in the inner
layers, in contrast to the model considered above. This model is called isothermal

Fig. 25.1 International Standard Atmosphere

Fig. 25.2 Temperature as a function of the altitude using an aircraft’s information system. The
reference value of the temperature lapse rate in the troposphere according to the ISA is also plotted
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atmosphere. Using the ideal gas law, an exponential expression for the pressure as a
function of the altitude is obtained [2].

Finally, another approximation is obtained neglecting air density variations.
Under this approximation valid at small altitudes (a few kilometers), ρ is constant
and the atmospheric pressure obeys the hydrostatic equation

p ¼ p0 � ρgh,

where p0 is the pressure at z ¼ 0. For the sake of comparison, the pressure p as a
function of the height h is shown in Fig. 25.3 for the three different models
considered here.

25.2 The Experiment

In the present experiment we use the pressure sensor and the GPS of a smartphone
attached to a quadcopter. Other interesting experiments involving pressure sensors
or GPS can be found in [3, 4] (Chap. 42), and the use of quadcopters in teaching
physics has been recently considered in [5].

A smartphone LG model G3 was mounted in a DJI Phantom 2 using an armband
case as seen in Fig. 25.4. The quadcopter was raised to a height of 250 m with respect
to the takeoff point, kept hovering for a dozen seconds, and taken down. During
the flight, the Androsensor app was used to register the atmospheric pressure using
the built-in barometer and the height obtained from the GPS. As the response time of
the GPS is rather slow, during ascending and descending the operator tried to control

Fig. 25.3 Pressure as a function of the altitude for the three different models of the atmosphere
considered: the International Standard Atmosphere (ISA), the isothermal, and the constant density
atmosphere
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the thrust of the device in such a way that the vertical speed was roughly constant.
According to the information provided by the manufacturer of the quadcopter, the
maximum ascent speed is 6 m/s and the maximum descent speed is 2 m/s. Care
should be taken to avoid damage to persons, animals, or property and also to fulfill
air traffic regulations [6].

25.3 Results

In Fig. 25.5, the pressure as a function of the altitude is shown. From the slope of the
linear fit the air density is found to be ρ ¼ 1.12 kg/m3. This value is a good
approximation of the standard value valid in the inner atmospheric layer. In the
conditions of the present experiment the standard value of density is 1.18 kg/m3.

25.4 Conclusion

The use of a quadcopter and a smartphone allowed us to record the main atmospheric
variables. In this experiment, we obtained pressure profiles and, through linear fits,
values of the density and compared them with standard values available in the
literature. To gain further insight into the characteristics of the inner layers of the
atmosphere, observations of a passenger in a commercial aircraft are also reported.

Fig. 25.4 Smartphone mounted on a DJI Phantom 2 using an armband
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This experiment helps to get an insight into the characteristics of the atmosphere
using accessible tools.
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On the Inflation of a Rubber Balloon 26
Julien Vandermarlière

It is a well-known fact that it is difficult to start a balloon inflating. But after a
pressure peak that occurs initially, it becomes far easier to do it! The purpose of this
chapter is to establish the experimental pressure-radius chart for a rubber balloon and
to compare it to the theoretical one. We will demonstrate that the barometer of a
smartphone is a very suitable tool to reach this goal. We hope that this phenomenon
will help students realize that sometimes very simple questions can lead to very
interesting and counterintuitive science.

26.1 Theoretical Background

Rubber balloons have been very good toys for children for decades. And for
physicists too! Indeed, they do not deform according to Hook’s law, but rather
they expand in a strange way as we shall see below. They are made of long flexible
chains of polymer that are coiled and joined together by randomly oriented
chemicals bonds [1] (Fig. 26.1).

When we inflate a balloon, those chains start to be straightened out. The average
distance between bonds increases, and this initiates the restoring force, which tends
to return the balloon to its initial shape. For a short time, it is very difficult to fight
against it. But once the chains are stretched a little bit, they become more organized
and the rubber becomes more stretchy. The pressure inside the balloon now evolves
like the pressure inside a bubble soap: it decreases as the radius increases. But at
large elongation the chains are completely stretched out and new phenomena like
strain-induced crystallization result in some stiffening; the pressure goes up again!
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A number of physicists have been interested in this behavior and introduced a
variety of physical descriptions [1–3]. Verron and Marckmann [3] proposed
Eq. (26.1) in the case of a Mooney-Rivlin type spherical balloon:

P ¼ K
R0

R
� R0

R

� �7
� �

1þ 0:1
R
R0

� �2
" #

, ð26:1Þ

where R0 is the initial radius and R the deformed radius. K is a coefficient dependent
on the material parameters. The associated inflation curve looks like Fig. 26.2.

26.2 The Experiment

It has been reported in this column that smartphone barometers are good enough for
real physics experiments (Chap. 4) [4], so a Samsung S5 was inserted into a balloon.
Hopefully, the rubber is a tactile enough material and is transparent enough to see the
screen so that we can still control the smartphone!

Fig. 26.1 Chains of polymer in a rubber material at different elongation
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Fig. 26.2 Theoretical pressure-radius curve [see Eq. (26.1)]
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The Barometer Graph [5] app was launched, and the evolution of the
pressure vs. time was recorded while the balloon was being inflated. A single
exhalation was used to inflate the balloon, made as regular as possible. A screenshot
of the result is shown in Fig. 26.3.

First, the pressure increases quickly and reaches a peak. Then it decreases, which
is very counterintuitive! At the end of the inflation the pressure goes up again.
Finally, the inflator’s lips and balloon are separated and the balloon deflates. The
main characteristics of the theory are seen.

In order to obtain better measurements, a second experiment was performed. This
time the Physics Toolbox Sensor Suite app was used to measure the pressure [6]. The
smartphone was controlled via Wi-Fi from a computer using the SideSync app [7]
(Fig. 26.4). While the balloon was inflated, the circumference was measured as well.

Fig. 26.3 Screenshot of the
Barometer Graph app
(pressure is in hPa, time in
seconds is on the horizontal
axis)

Fig. 26.4 The smartphone in a balloon! The Physics Toolbox app is controlled from the computer
via Wi-Fi with the SideSync app
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Then a spreadsheet was used to plot the pressure as a function of the radius ratio,
P ¼ f(R/R0) (Fig. 26.5).

Once again the experimental inflation curve (in blue) matches the theoretical
curve. The pressure peak (1040.7 hPa) is only 3% greater than the atmospheric
pressure and occurs when R/R0 is about 1.44 (point A). This matches fairly well the
theoretical prediction of Verron andMarckmann [3], which is 1.48 [from Eq. (26.1)].
The difference is only 2.8%. We also looked at the deflation of the balloon (in red).
An interesting hysteresis phenomenon is clearly visible. It can be explained by the
fact that when the balloon returns to its original shape, the polymer chains never get
back to their initial orientations. This measurement process was repeated with
several balloons and the experiment consistently produced similar results.

26.3 Comments

This work can help to explain what seems to be a paradox: the two balloons
experiment [8]. If you connect two balloons with a hollow tube, one big and one
smaller, and let the air rush between them, the small one can inflate the big one! This
is because most of the time the balloons are on the [AB] interval of the chart in
Fig. 26.5. But the opposite is also possible if the smallest balloon is at B and the
biggest at C. It is possible to reach equilibrium as well. Take three balloons and
inflate them to reach the D, E, and F points. Connect them together and. . . nothing
will happen. Their internal pressures are exactly the same! This experiment can
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Fig. 26.5 Experimental chart
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easily be done in the classroom, and students may learn lots of interesting things
while doing it!
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Video Analysis on Tablet Computers
to Investigate Effects of Air Resistance 27
Sebastian Becker-Genschow, Pascal Klein, and Jochen Kuhn

In recent years several approaches have been published using video analysis in physics
education in an innovative way [1–4]. The common idea is that students record the
motion, transfer the video on a computer, and analyze it with suitable software. In this
chapter we demonstrate how students can perform video analysis on mobile devices
such as smartphones and tablet computers by using special applications. By doing so,
students can record and analyze the motion during the experimental process and
combine the advantages of mobile devices with the possibilities of video motion
analysis [5, 6]. Moreover the possibility of recording slow motion videos allows the
analysis of even fast-moving objects. In our presented approach we utilize video
analysis on tablet computers in an attractive experimental setup for students to investi-
gate the effects of air resistance on falling objects with low-cost material by themselves.

27.1 Theoretical Background

For typical classroom experiments with falling objects in air, we find large Reynolds
numbers R � 1 [7]. For that reason we can assume that the magnitude of the drag
force is proportional to the square of the fall velocity and can therefore be written as

S. Becker-Genschow (*)
Digitale Bildung, Department Didaktiken der Mathematik und der Naturwissenschaften,
Universität zu Köln, Cologne, Germany
e-mail: sebastian.becker-genschow@uni-koeln.de; sbeckerg@uni-koeln.de

P. Klein
Georg-August-University Göttingen, Göttingen, Germany
e-mail: pklein@physik.uni-kl.de

J. Kuhn
Ludwig-Maximilians-Universität München (LMU Munich), Faculty of Physics, Chair of Physics
Education, Munich, Germany
e-mail: jochen.kuhn@lmu.de

# The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
J. Kuhn, P. Vogt (eds.), Smartphones as Mobile Minilabs in Physics,
https://doi.org/10.1007/978-3-030-94044-7_27

155

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-94044-7_27&domain=pdf
mailto:sebastian.becker-genschow@uni-koeln.de
mailto:sbeckerg@uni-koeln.de
mailto:pklein@physik.uni-kl.de
mailto:jochen.kuhn@lmu.de
https://doi.org/10.1007/978-3-030-94044-7_27#DOI


F ¼ k � v2, ð27:1Þ
where the proportionality constant is given by

k ¼ 0:5 � CD � ρ � A: ð27:2Þ
Here ρ denotes the density of air, A the projected surface area of the falling object,
and CD the drag coefficient. If the drag force is equal to gravitational force, the
falling object reaches its terminal velocity vt, given by

vt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 � m � g
CD � ρ � A

r

, ð27:3Þ

where m denotes the mass of the falling object. Note (i) that the square of terminal
velocity is linearly dependent on the mass of the object,

v2t ¼ b � m: ð27:4Þ
with

b ¼ 2 � g
CD � ρ � A , ð27:5Þ

and note (ii) that the drag coefficient can be expressed as

CD ¼ 2 � g
b � ρ � A : ð27:6Þ

27.2 Experimental Setup

Since students should be able to perform measurements in school labs, we have to
choose an object that reaches its terminal velocity before impact. Therefore we
adopted the idea of using low-cost paper cups (Fig. 27.1, right) for fall experiments
[8]. To determine the terminal velocity, one student drops the paper cup and a second
student records the motion with a tablet computer perpendicular to the plane of
motion from a sufficient distance (approximately 3 m). Note that a yardstick is
placed in the picture to aid in converting pixel distances to real distances (Fig. 27.1,
left). The video is recorded with a minimum camera frequency rate of 60 frames per
second (fps) in order to prevent cross-fading. For recording and analyzing the motion
of the falling object, we used iPad minis and the free application Viana [9].
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27.3 Experimental Results

Determination of Terminal Velocity

Video analysis yields the position of the paper cup and its velocity at points of time
predefined by the camera frequency rate. From the time-velocity graph students can
easily conclude that the velocity of fall converges to a terminal velocity (see
Fig. 27.2).

However, more accurate values can be obtained from the time-position data.
Therefore, the measured data can be transferred from Viana to the free application
Vernier Graphical Analysis [10] to perform a linear regression analysis in the
section where the velocity of fall reaches the terminal velocity (Fig. 27.3) and
the fall velocity can be identified as the slope of the regression curve (here:
vt ¼ 1.425 m/s with RMSE ¼ 0.004).

Fig. 27.1 Small paper cup used for fall experiments (right) and experimental setup (left)
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Determination of the Drag Coefficient

The mass of the falling object can be doubled, tripled, etc. by simply stacking the
paper cups. By doing this only the mass is changed whereas the projected surface
area as well as the drag coefficient does not change, thus allowing for ready
determination of the terminal velocities for one to five paper cups experimentally.
The terminal velocity square vs. mass was plotted and a least-squares model fit using
Vernier Graphical Analysis [10] was performed, which confirmed the theoretically
expected behavior according to Eq. (27.4) (Fig. 27.4).

We used Eq. (27.6) to obtain the drag coefficient from the fit parameter. By
inserting the following values: m ¼ 0.34 g, ρ ¼ 1.20 kg/m3, and A ¼ 44.18 cm2 we
calculated the drag coefficient toCD¼ 0.59. If we compare this calculated value with
the drag coefficient of a sphere (CD ¼ 0.47) [11] it is larger, as one might expect
since for the same projected surface area a sphere has less aerodynamic drag because
of its shape.

27.4 Conclusions

We have presented an experimental approach for students to explore effects of air
resistance by performing video analysis on tablet computers. With our experimental
setup students can identify the asymptotic behavior of the fall velocity and determine
the terminal velocity as well as the drag coefficient by only using a tablet computer
equipped with special applications. Using tablet computers as measurement devices
enables students to investigate physical relationships with a high degree of auton-
omy with little experimental effort and compare the experimental data with

Fig. 27.2 Screenshot of the time-velocity diagram provided by Viana [9]
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theoretical relations just-in-time on the same device. This theory-experiment inter-
play is an important method for learning physics [12]. Since the use of mobile
devices is becoming more common in introductory and advanced physics courses,
our approach could serve as a basis for motivating classroom activities for students,
too. More advanced students might benefit from going beyond the concept of
terminal velocity to the full-fledged solution for the equation of motion [13].

Learning with mobile video analysis can also increase conceptual understanding
[14, 16] while decreasing irrelevant cognitive effort and negative emotions [15, 16].

Fig. 27.3 Screenshot of linear regression analysis using Vernier Graphical Analysis [10]
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Determination of the Drag Resistance
Coefficients of Different Vehicles 28
Christoph Fahsl and Patrik Vogt

While it has been demonstrated how air resistance could be analyzed by using
mobile devices (Chap. 27) [1], this chapter demonstrates a method of how to
determine the drag resistance coefficient c of a commercial automobile by using
the acceleration sensor of a smartphone or tablet. In an academic context, the drag
resistance is often mentioned, but little attention is paid to quantitative
measurements. This experiment was driven by the fact that this physical value is
most certainly neglected because of its difficult measurability. In addition to that, this
experiment gives insights on how the aerodynamic factor of an automobile affects
the energy dissipation and thus how much power is required by automobile
transportation.

Other works describe efforts to determine the drag resistance coefficient of cars,
wherein the speed profile during the rolling process is determined by reading the
speedometer [2], using logged GPS data [3], or by analyzing conservation of energy
[4]. Apart from the GPS measurement, low material costs are advantages of these
variants. However, a disadvantage is the small number of data points when reading
the speedometer and the difficulty of calculating the velocity based on raw GPS data.

28.1 Theoretical Background

We are looking at a car that is decelerating due solely to the force of air drag (FD) and
the force of rolling drag (FR) from a certain initial velocity. From Newton’s second
law we get:
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M � a ¼ FD þ FR ¼ 1
2
cρAv2 þ μMg ð28:1Þ

a ¼ 1
2
cρA
M

v2 þ μg, ð28:2Þ

where A is the effective cross-sectional area [A ¼ (2.22 � 0.05) m2 (Fig. 28.1)], c is
the drag resistance coefficient, μ is the rolling resistance coefficient,M is the mass of
the car [M ¼ (1430 � 5) kg], v is the velocity, ρ is the air density [ρ ¼ (1.20 � 0.05)
kg/m3], and g is the gravity of Earth (g ¼ 9.81 ms�2).

By plotting |a| vs. v2, you get—according to the formula—a straight line. The
slope m ¼ (cρA)/(2 M ) provides the drag resistance coefficient.

28.2 Execution of the Experiment

For the execution of this experiment, the smartphone was attached to the car in a
horizontal orientation. It’s important that one acceleration sensor aligns in the
direction of motion (Fig. 28.2).

Since the car has to be accelerated from a standstill position, a longer stretch of
road with a parking place at the beginning is the best place to execute the experiment.
Before driving on the road, the recording of the acceleration data must have already
been started. After reaching a certain predetermined velocity, the driver puts the car
in neutral and lets it roll until it reaches the desired velocity. After reaching that
velocity, the measurement can be stopped. For general safety, another passenger
should always be present that assists with the entire experiment. The driver must

Fig. 28.1 Front view of the car. Comparing the red and white areas allows one to determine the
cross-sectional area
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never do the recording him/herself. Moreover, the experiment should be done on an
uncrowded road in accordance with traffic laws.

28.3 Evaluation of Acceleration Data

The following graph shows the acceleration data the entire time of the experiment
(Fig. 28.3). The first 30 s illustrate the process of acceleration. The large dips are due
to shifting gears in the car. After that period, you can see the process of letting the car
roll out until it reached its predetermined velocity.

We used the program Measure by PHYWE to smooth and integrate the data
curves (alternatively, you can also use other software, e.g., PASCO Capstone.). By
integrating the smoothed acceleration-data curve over time, you get the velocity
curve of the car (Fig. 28.4).

The final step is now to plot |a| vs. v2 (Fig. 28.5) to get the characteristic line of
Eq. (28.2). The resulting drag coefficients for three consecutive measurements are
shown in Table 28.1.

The weighted average of those results is c ¼ 0.320 � 0.009 (literature value in
published sources [5] is 0.37). External influences like wind and uneven roads are
most likely the reason for the deviation of the results in comparison to the literature
value. But taking into account that only a smartphone was used in the whole process,
we come to the conclusion that this method is a fast, efficient, and especially cheap

Fig. 28.2 Mounting of the smartphone in the car and the orientation of one of the acceleration
sensors in the direction of motion (here y sensor). The app used in this experiment is called
Accelerometer Data Pro (Wavefront Labs, 2011). It is running on an iPhone 3G
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way (in comparison to the expensive use of a wind tunnel) to determine the
characteristic drag coefficient of a car. In addition to the results shown above, the
measurements were repeated with two other cars and a bicycle (Fig. 28.6).

In all cases we were able to reproduce results in agreement with literature values.
The following tables show the results for a Volkswagen T3 bus, a fire engine, and a
bicycle (Table 28.2). Again, we were able to reproduce results in agreement with
literature values.

Fig. 28.3 The a-t/v-t diagram of the entire process

Fig. 28.4 The a-t/v-t diagram of the entire process
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Fig. 28.5 Regression line of the acceleration data over v2. Note that only data sampled from times
after 30 s are plotted

Table 28.1 Slope of the regression line allows us to calculate the drag coefficients and their errors

Measurement slope in m�1 Δ slope in m�1 c Δc
1 0.000343 0.0000009 0.368 0.017

2 0.0003029 0.00000013 0.325 0.016

3 0.0002674 0.00000011 0.287 0.013

Fig. 28.6 Bus, fire engine, and bicycle used in additional measurements

Table 28.2 Repetition of the experiment with other cars and a bicycle

Value VW T3 Bus Fire engine Bicyclist

Mass M 2000 � 5 kg 12,442 kg 86.5 � 0.1 kg

Effective cross-sectional
area A

3.17 � 0.05 m2 4.90 � 0.05 m2 0.60 � 0.05 m2

Air density ρ 1.20 � 0.05 kgm�3 1.20 � 0.05 kgm�3 1.20 � 0.05 kgm�3

c (Literature values) 0.51 [5] 0.8–1.5 [6] 1.0 [7]

c (Experimental values) 0.501 � 0.023 1.49 � 0.07 1.12 � 0.07
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Part VI

Pendulums



Analyzing Simple Pendulum Phenomena
with a Smartphone Acceleration Sensor 29
Patrik Vogt and Jochen Kuhn

This chapter describes a further experiment using the acceleration sensor of a
smartphone. For a previous column on this topic, including the description of the
operation and use of the acceleration sensor, see [1]. In this contribution we focus on
analyzing simple pendulum phenomena. A smartphone is used as a pendulum bob,
and SPARKvue [2] software is used in conjunction with an iPhone or an iPod touch,
or the Accelogger [3] app for an Android device. As described in [1], the values
measured by the smartphone are subsequently exported to a spreadsheet application
(e.g., MS Excel) for analysis.

The following aspect should be emphasized before starting: If the lesson objective is
to determine the period of an oscillation in an experiment, it is advisable to use a
conventional stopwatch rather than a smartphone. The use of a cell phone as a
pendulum bob, however, generates a much greater quantity of information and learning
opportunities than the duration of a period alone and can greatly enhance instruction.

29.1 Investigation of the Mathematical Pendulum Using
a Smartphone

In order to perform an experiment that examines the existing laws governing a
simple pendulum, a smartphone can be suspended on two strings—this prevents
rotation around the longitudinal axis (Fig. 29.1). Figure 29.2 shows a measurement
example for a pendulum length l ¼ 1.15 m (perpendicular distance between the
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Fig. 29.1 iPod touch
suspended from two strings
(shown in red)
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Fig. 29.2 Acceleration process for a mathematical pendulum (l ¼ 1.15 m); presentation of
measured values after the export of data from the smartphone into MS Excel
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center of mass of the iPod touch and the pivot point), and acceleration taking effect
in the direction of the string is represented. The values measured constitute a basis
for discussion on the following:

(a) The accelerations measured in the direction of the string (Fig. 29.2). Why do the
acceleration values vary around the acceleration of gravity and at what
amplitudes are minimum and maximum displacement reached?

(b) Determine the period of a complete oscillation and compare it to the value
theoretically expected.

(c) Convert the tangential accelerations measured into pendulum amplitudes α or
x with the help of a spreadsheet, in order to create an α-t or x-t diagram, which is
easier for pupils to interpret.

(d) Discuss damping and calculate the logarithmic decrement.

At this point, items (a) and (b) can be examined in more detail: Regarding (a), the
acceleration in the direction of the string is given by the sum of the centrifugal force
apparently taking effect and the pendulum’s mass in the direction of the string. As
velocity is briefly zero at the turning point, the pendulum’s mass only takes effect in
the direction of the string, so the acceleration of small g is measured. The minima are
thus located at the turning points on the acceleration curve (Fig. 29.2). When passing
through the rest point, the pendulum is moving at its highest velocity and, as a result,
at maximum centrifugal acceleration. In addition, the acceleration of gravity needs to
be completely added to this, i.e., the accelerations at the zero crossing point are
higher than g and correspond to the maxima in Fig. 29.2. This observation makes it
clear that the time lag between two peaks corresponds to half a period.

Regarding (b), the time lag between the first and ninth maximum (Fig. 29.2) is
8.61 s and corresponds to the time required for four complete swings. The period of
the string pendulum’s swing determined in the experiment is therefore 2.153 s with a
measurement error of �0.002 s. The duration of a complete swing T theoretically
expected for a pendulum with a length l ¼ 1.15 m is calculated with the formula

T ¼ 2π

ffiffiffi

l
g

r

ð29:1Þ

to be 2.15 s and therefore matches well with the result of the experiment. Similar to
the analysis of the free fall at a free-fall tower (Chap. 6) [1], it is interesting to
examine the simple string pendulum and its oscillation process using an everyday
object such as a playground swing. The particular appeal of this experiment is that
the pupils can start by experiencing the acceleration with their own bodies. They can
then perform an assessment of the oscillation process, which subsequently can be
quantitatively tested. In order to carry out the experiment, the smartphone is fixed to
the swing with adhesive tape, with one axis pointing in the direction of tangential
acceleration and the other axis in the direction of radial acceleration (Fig. 29.3).
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Studying this phenomenon using smartphones’ acceleration sensor should also be
integrated in a more sophisticated instructional setting, connected with other phe-
nomena [4–6] addressing the students’misconceptions which could be related to this
concept [7]. Anyway, current research shows that using this method to study free fall
and oscillation phenomena could at least increase curiosity and motivation of the
students when they learn with smartphones or tablets as experimental tools [8].
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Fig. 29.3 Examination of the
mathematical pendulum using
a playground swing; the iPod
touch is fixed to the swing
with adhesive tape
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Measurement of g Using a Magnetic
Pendulum and a Smartphone
Magnetometer

30

Unofre Pili, Renante Violanda, and Claude Ceniza

The internal sensors in smartphones for their advanced add-in functions have also
paved the way for these gadgets becoming multifunctional tools in elementary
experimental physics [1]. For instance, the acceleration sensor has been used to
analyze free-falling motion (Chap. 6) [2] and to study the oscillations of a spring-
mass system (Chap. 32) [3]. The ambient light sensor on the other hand has been
proven to be a capable tool in studying an astronomical phenomenon [4] as well as in
measuring speed and acceleration [5]. In this chapter we present an accurate,
convenient, and engaging use of the smartphone magnetic field sensor to measure
the acceleration due to gravity via measurement of the period of oscillations (simply
called “period” in what follows) of a simple pendulum. Measurement of the gravita-
tional acceleration via the simple pendulum is a standard elementary physics labora-
tory activity, but the employment of the magnetic field sensor of a smartphone
device in measuring the period is quite new and the use of it is seen as fascinating
among students. The setup and procedure are rather simple and can easily be
replicated as a classroom demonstration or as a regular laboratory activity.

30.1 Theoretical Background

The simple pendulum is a classic example of a simple harmonic motion with its
period being its most prominent parameter. Theoretically, the period of the pendu-
lum T as a function of the length L and acceleration due to gravity g is expressed as
[6]
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T ¼ 2π

ffiffiffiffiffi

L
g
:

r

ð30:1Þ

Equation (30.1) can be rewritten in the form

T2 ¼ 4π2

g
L: ð30:2Þ

Equation (30.2) shows the linear relation between the square of the period and length
with slope S:

S ¼ 4π2

g
: ð30:3Þ

Having gathered data points for the period and length, Eq. (30.2) can be plotted, T2

against L. Substituting the slope of the resulting linear plot to Eq. (30.3), the
acceleration due to gravity can be obtained.

30.2 The Experiment

The experimental setup, except for the computer and in part similar to a previous
work [7], is depicted in Fig. 30.1. It is mainly composed of a smartphone with a
built-in magnetic field sensor and is installed with an Android application called

Fig. 30.1 The experimental setup (inset: small magnet glued at the bottom of the metallic ball).
Although not used here, in a replicating experiment, it would be best to cover the smartphone with a
hard transparent material in order to protect it should the pendulum accidentally fall off
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Physics Toolbox Sensor Suites [8], a simple pendulum setup with a small magnet
glued at the bottom of the pendulum bob, a tape measure, and a computer. Just like
any other method, in the simple pendulum-based measurement of the acceleration
due to gravity the crucial parameter needed to be measured directly and accurately as
possible is the period. Using our setup in measuring the period, we launched the
magnetic field sensor or magnetometer of the device via the application and then we
allowed the pendulum, in the small angle regime, to oscillate a little above the screen
of the device.

The pendulum bob was made to oscillate above the length side of the screen as
seen in Fig. 30.1. In the process, a time series record of the data, as graphically
depicted in Fig. 30.2, of the values of the magnetic field (simply called B field in
what follows) was registered.

The data directly saved in MS Excel in the device were then transferred to the
computer via email or Bluetooth, and from the computer-generated MS Excel graph
such as the one shown in Fig. 30.2, the period of the pendulum was obtained. The
device provides the x, y, and z-components of the B field (as well as their total
magnitude) and any of these can be utilized depending on the prominence and
clearness of the resulting time-based plots. The period from Fig. 30.2 is equal to
the time interval between two successive peaks (or valleys) with the time coordinates
obtained using the data cursor. We took the average period by taking into account at
least 10 pairs of successive peak. Further, in order to increase the reliability of our
results, we have considered eight (with length equal to zero automatically included)
different lengths, allowing us to plot, also in MS Excel, the square of the period
against length. The linear plot is depicted in Fig. 30.3.
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Fig. 30.2 Plot of B field against time. The varying values of the B field are due to the varying
distance the magnet is located relative to the location of the B field sensor—in keeping with the
distance dependence of the B field
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Inserting the slope in Eq. (30.3) and using the MS Excel linear regression feature
to obtain the error in the slope, then subsequently using error propagation for
division [9], we found the value of the acceleration due to gravity to be
9.8 � 0.1 m/s2. This experimental value fits well within the local theoretical value
[10] of 9.8 m/s2.

30.3 Summary

The magnetic field sensor of the smartphone has emerged as a reliable timer for the
measurement of the period of a simple pendulum and thus an accurate measurement
of the acceleration due to gravity. This relatively exciting experiment, timer-wise,
appears to be easy to replicate as a laboratory activity or, by not having to vary the
length, can be used as a handy classroom demonstration setup for the verification of
Eq. (30.1) via measurement of the acceleration due to gravity in just one run.
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Determination of Gravity Acceleration
with Smartphone Ambient Light Sensor 31
Jhon Alfredo Silva-Alé

Among the serious experimental uses given to smartphones in physics, the use of
integrated sensors, video analysis, and mixed uses as simultaneous material and
instruments stand out for their frequency. Regarding the use of integrated sensors,
there are many proposals that use the accelerometer (e.g. Chaps. 8 and 32) [1–3], the
magnetometer (e.g. Chaps. 30 and 34) [4, 5], or other sensors (e.g., camera
(Chap. 27) [6] or microphone [e.g. Chap. 12) [7–9]] to find experimental values of
physical constants, such as acceleration of gravity (g), thereby trying to contribute to
the studies of statics, kinematics, and dynamics. However, there are few studies that
use the ambient light sensor for this kind of purpose.

This chapter proposes to establish an experimental value of the acceleration
constant of gravity (g) using the ambient light sensor integrated in the smartphone,
with the help of a simple pendulum with an experimental configuration, in order to
analyze the possibility of using it as a measurement instrument.

31.1 Theoretical Background

When the spherical mass of the pendulum oscillates in a small arc of circumference
through a slightly viscous medium, such as air, it describes a simple and weakly
damped harmonic movement. In this type of analysis, it is usual to find experimental
proposals that neglect the friction of the sphere with air, to focus on the relationship
between the oscillation period (T ), the length of the rope (L ), and the gravitational
acceleration (g). This relationship is expressed as:
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T ¼ 2π

ffiffiffi
L
g

r
: ð31:1Þ

Using Eq. (31.1), it is possible to calculate a theoretical value of the period of
oscillation (Tth) by setting a value for L and considering the theoretical magnitude of
the acceleration due to gravity: g ¼ 9.806 m/s2.

To collect data from the experimental period (Texp), the ambient light sensor is
used. To determine an experimental value associated with the magnitude of the
acceleration due to gravity (gexp), Eq. (31.1) has been rewritten as follows:

gexp ¼ 4π2L
T2
exp

: ð31:2Þ

The measurements of L and Texp are used in it.
As the amount of data collected is slightly more than 10 units, the estimating

measurement uncertainty (Δx) has been used based on the sensitivity and the mean
range, which is presented in Eq. (31.3).

Δx ¼ Sensitivity
2

þ Limsup � Liminf

2
: ð31:3Þ

31.2 The Proposal

Figure 31.1 presents the experimental setup used to carry out the experiment. The
assembly consists of a constant light source, a simple pendulum system, and a
smartphone with an integrated ambient light sensor, to which the mobile application
Physics ToolBox Suite has been installed [10].

Fig. 31.1 Experimental setup. The image on the left is an illustration of the components involved
in the assembly, while the image on the right is a real photo
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Using a millimeter ruler, the length of the rope L ¼ 36.5 cm, from the surface of
the sphere to the top knot, has been measured. Then the Physics Toolbox application
is configured to function as a light meter. The sensor is placed under the shadow cast
by the sphere. Then the record button is pressed to start capturing the differences in
light intensity.

To produce these variations the sphere is displaced approximately 10� from the
equilibrium position.

31.3 Processing and Analysis of Results

The data of the variation of the light intensity as a function of time have been
recorded by letting the pendulum swing for 10 s. These data were immediately
exported from the smartphone to the computer, through a CSV file in order to be
organized and graphed in an Excel file, as shown in the graph in Fig. 31.2.

Subsequently, the Texp of the 13 oscillations performed during the 10-second
follow-up were determined, as presented in Table 31.1. For this, the time difference
between consecutive peaks and/or valleys was applied.

After obtaining each of the Texp, the Tth was calculated using Eq. (31.1):

T th ¼ 2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:365m
9:806 m

s2

s
¼ 1:212s:

Using Eq. (31.2), the error percentage was determined by comparing each of Texp
with Tth. Finally, using the value Texp, and the measured value of L, gexp has been
obtained:

gexp ¼
4π 0:365mð Þ
1:217sð Þ2 ¼ 9:729� 0:01

m
s2
:

NOTE: 0.01 is due to the error propagation in measurement uncertainty ΔT2
exp.

Fig. 31.2 Graph of perceived
light intensity (lx) vs. time (s).
The variation of the light
intensity value is due to the
shadow projections of the
sphere
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The Standard Error (SE) value of gexp is 0.009 (approximately 0.01). The above
shows low variability of the gexp measurements.

When comparing the value of gexp with the local theoretical value gth, the
percentage error is less than 0.785%. Despite the low percentage error, gth is not in
the error range of gexp. Therefore, the experimental value obtained for the calculation
of the acceleration of gravity fits well as an approximate value to the theoretical
value.

31.4 Conclusions

Thanks to this experience, it was possible to determine that the experimental value of
the gravity acceleration (gexp) obtained by using the smartphone’s ambient light
intensity sensor, during the simple pendulum tracking, fits well with the theoretical
value.
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izing the experimental
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Texp � 0.0085 (s) ε %
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Texp ¼ 1.217 ε ¼ 0.4
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Analyzing Spring Pendulum Phenomena
with a Smartphone Acceleration Sensor 32
Jochen Kuhn and Patrik Vogt

This chapter describes two further pendulum experiments using the acceleration
sensor of a smartphone in this book [for earlier contributions concerning this topic,
including the description of the operation and use of the acceleration sensor, see
Refs. [1] (Chap. 6) and [2] (Chap. 29)]. In this chapter we focus on analyzing spring
pendulum phenomena. Therefore two spring pendulum experiments will be
described in which a smartphone is used as a pendulum body and SPARKvue [3]
software is used in conjunction with an iPhone or an iPod touch, or the Accelogger
[4] app for an Android device [1, 2]. As described in Ref. [1], the values measured by
the smartphone are subsequently exported to a spreadsheet application (e.g., MS
Excel) for analysis.

32.1 The Spring Pendulum

A smartphone can also be used as a swinging mass to record the oscillation of a
spring pendulum. A measurement example that was recorded with an iPhone with a
mass m ¼ 0.152 kg is shown in Fig. 32.1. It results in an almost perfect sinusoidal
process, which offers similar learning opportunities as the results of the string
pendulum:

(a) Why do the accelerations vary around g and at what points of the swing are the
maxima and minima located?

J. Kuhn (*)
Ludwig-Maximilians-Universität München (LMU Munich), Faculty of Physics, Chair of Physics
Education, Munich, Germany
e-mail: jochen.kuhn@lmu.de

P. Vogt
Institute of Teacher Training (ILF) Mainz, Mainz, Germany
e-mail: vogt@ilf.bildung-rp.de

# The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
J. Kuhn, P. Vogt (eds.), Smartphones as Mobile Minilabs in Physics,
https://doi.org/10.1007/978-3-030-94044-7_32

189

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-94044-7_32&domain=pdf
mailto:jochen.kuhn@lmu.de
mailto:vogt@ilf.bildung-rp.de
https://doi.org/10.1007/978-3-030-94044-7_32#DOI


(b) What is the duration of a period of an oscillation and how high is the spring
constant of the spring used?

(c) How strongly is the oscillation dampened?

Examples related to items (a) and (b) will be discussed, whereby the dynamically
determined spring constant will be compared with the result of a static measurement.
As regards (a), as the pendulum slows down (motion away from the rest point) and as
it speeds up (motion toward the rest point), inertia forces evolve, which are recorded
in addition to the weight. The maximum accelerations occur at the top turning point
of the swing, the minimum accelerations with maximum extension of the springs.

As regards b), on the basis of the data underlying Fig. 32.1, 13 complete
oscillations occur in a time period Δt ¼ 18.22 s.

With

T ¼ Δt
n

¼ 2π

ffiffiffiffiffiffiffi

m
D
,

r

ð32:1Þ

(n ¼ number of oscillations in time interval Δt), the spring constant D of the used
spring can be determined by applying the formula
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Fig. 32.1 Dynamic determination of spring constants: chronological acceleration process for a
spring pendulum (Presentation of measured values after the export of data from the smartphone into
MS Excel)
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D ¼ 4π2m
Δt
n

� �2 ¼ 3:055� 0:003ð ÞN
m
:

This value matches well with the result of a static measurement, in which the
displacement x of the spring was examined in relation to the load F applied to it
(forces resulting from the attached mass). For an elastic spring, Hooke’s law of
elasticity is applied

F ¼ D � x, ð32:2Þ
i.e., the F-x plot results in a straight line, with the slope corresponding to the spring
constants (Fig. 32.2). A linear regression confirms the linear relationship with an
adjusted coefficient of determination to close to one and determines the spring
constant to be 3.02 Nm�1.

32.2 Coupled Pendulum

If two spring pendula are coupled together by an attached mass (Fig. 32.3) and one of
the two systems is set into motion, the oscillation performed by that pendulum soon
also transfers over to the other pendulum. Provided that the springs used possess the
same stiffness—i.e., the same spring constant—the first pendulum remains briefly
motionless after some time; its oscillation energy has been completely transferred
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Fig. 32.2 Static determination of spring constants: the weight F impacting the spring as a function
of its elongation x

32 Analyzing Spring Pendulum Phenomena with a Smartphone Acceleration Sensor 191



over to the second pendulum. From then on, the energy shifts between the two
pendula, which is why each of the pendula makes a typical swing motion.

The oscillations of coupled pendula of this kind can easily be recorded with the
help of two smartphones, which once again serve as mass for the pendulum
(Fig. 32.3). A measurement example for a coupled mass of 100 g is shown in
Fig. 32.4. When the acceleration values, and therefore the amplitudes, of one
pendulum reach a maximum, the accelerations of the other pendulum correspond
approximately to the acceleration of gravity, which equals a state of rest. The energy
transfer happens even faster if the two pendula are more strongly coupled together.
By varying the coupled mass, this aspect can be examined in a subsequent
experiment.

There is a complication when analyzing the data because the measurements of
both smartphones cannot be started completely synchronously. In this case, the
following method has proved successful: The person conducting the experiment
starts the measurements on both smartphones separately and waits for the systems to

Fig. 32.3 Experiment setup for a coupled pendulum

192 J. Kuhn and P. Vogt



reach a state of rest. Then he or she lightly taps the stand, which later clearly appears
as a peak in both series of measurements. When analyzing the data, the time axes can
then be moved so that the acceleration maxima resulting from the tap are positioned
exactly on top of each other, corresponding to synchronization.

The following aspect should be emphasized before starting: If the lesson objec-
tive is to determine the period of an oscillation in an experiment, it is advisable to use
a conventional stopwatch rather than a smartphone. The use of a cell phone as a
pendulum body, however, generates a much greater quantity of information and
learning opportunities than the duration of a period alone and can greatly enhance
instruction. So, studying this phenomenon using smartphones’ acceleration sensor
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Fig. 32.4 Acceleration process of both coupled spring pendula (Presentation of measured values
after the export of data from the smartphone into MS Excel) [5]
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should be integrated in a more sophisticated instructional setting, connected with
other phenomena [6–8] and addressing the students’misconceptions which could be
related to this concept [9]. Anyway, current research shows that using this method to
study free fall and oscillation phenomena could at least increase curiosity and
motivation of the students when they learn with smartphones or tablets as experi-
mental tools [10].
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Using the Smartphone as Oscillation
Balance 33
A. Kaps and F. Stallmach

The dynamics of a spring pendulum is an important topic in introductory experi-
mental physics courses at universities and advanced science courses in secondary
school education. Different types of pendulum setups with smartphones were pro-
posed to investigate, e.g., the gravitational acceleration [1, 2], to measure spring
constants, or to illustrate and verify the principles of periodic motions and their
characterization via oscillation periods [3–8]. In most of these experiments the
smartphone with its internal MEMS sensors or the magnetometer is used as the
measurement device.

In this chapter we present an experiment where students may apply the concept of
the harmonic oscillations to determine the unknown mass of an object with a
so-called oscillation balance, in which a dynamic method of measuring masses is
realized. In our experimental setup the smartphone represents the measurement
device and the pendulum bob with a known mass. We use the app phyphox
(RWTH Aachen, Germany) to record and transfer the data of the internal MEMS
accelerometer [9, 10].

The advantage of this dynamic measurement principle is that unknown masses of
objects may be determined independent of the local gravitational force. However, if
realized using a spring pendulum, all parts performing the periodic motion, including
the smartphone, its fastening materials to the spring, and a fraction of the spring mass
itself [11–13], will contribute to the mass measured and need to be considered in data
analysis.
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33.1 Theoretical Background

The spring pendulum is an example of a system undergoing simple harmonic
oscillations. Its oscillation period T is a function of the mass m and of the spring
constant D. It is

T ¼ 2π �
ffiffiffiffiffiffi
m
D
:

r
ð33:1Þ

In our oscillation balance m is the sum of the masses of all objects attached to the
spring. It also includes the effective mass f�mf of the spring itself [11–13], where
f ¼ 1/2 for the case of a soft spring, which we used in our setup. The oscillation
period is measured twice: First T0 with a known mass m0, consisting of the
smartphone including its fastening materials. Second T1 with an object of unknown
mass me attached additionally to the same spring (Fig. 33.1). Thus, the ratio of the
square of the oscillation periods of T2

1=T
2
0 depends only on the ratio of total masses

performing the oscillation.

T1
2

T0
2 ¼

m0 þ f � mf þ me

m0 þ f � mf
: ð33:2Þ

Equation (33.2), in which the unknown spring constant D is eliminated, is resolved
for the mass me:

me ¼ m0 þ f � mfð Þ: T2
1

T2
0

� 1

� �
, ð33:3Þ

which now can be measured via the two oscillation periods.

Fig. 33.1 Top: Experimental setup for the oscillation balance. Bottom: Recorded acceleration ay(t)
in dependence on time t. The blue and red data points represent the oscillations with and without
additional mass me, respectively. The lines describe the fits via Eq. (33.4)
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33.2 The Experiment

The experiment is performed by attaching the smartphone with mass ms or the
smartphone and the object with unknown mass ms + me via a reclosable bag with
a paper clip to the spring (Fig. 33.1, top and masses in Table 33.1). In order to fulfill
Hooke’s law, only small oscillation amplitudes are excited. Several stable periods of
the acceleration of the smartphone are recorded via the app phyphox. To obtain the
oscillation periods with high accuracy, the data are imported to a scientific software
and analyzed via an undamped sine fit function

ay tð Þ ¼ A � sin 2π
T

� t þ φ0

� �
, ð33:4Þ

where A and φ0 denote the amplitude and the phase shift of the acceleration,
respectively (Fig. 33.1, bottom).

The validity of the measurement principle was checked by varying me from 0 to
300 g. As expected from Eq. (33.2) and depicted in Fig. 33.2, we obtained a linear
variation of the square of the ratio of the oscillation periods in dependence on the
variable mass me, which demonstrates the working principle of the oscillation
balance. Generally, our students perform this experiment with objects of unknown
masses of their choice, for example with their own keychain attached to the spring-
smartphone setup described (Fig. 33.1, top). Table 33.1 provides the resulting
oscillation period T1. Via Eq. (33.3) the mass of the keychain is calculated to be
me ¼ (236 � 30) g. Within the computed uncertainties, this result agrees with the
reference value of me,ref ¼ (256.10 � 0.02) g determined with a conventional digital
balance.

In conclusion, these results indicate that the smartphone and its internal accelera-
tion sensor can be utilized to realize a dynamic measurement of masses. Compared
to a commercial digital balance, the proposed smart(phone) oscillation balance is
less accurate since it depends strongly on the square ratio of two oscillation periods
and their uncertainties (Fig. 33.2). In addition current research shows that especially
the topic of oscillations is suitable to increase curiosity and motivation [14] as well as
conceptual understanding [15] of the students when they learn with smartphones or
tablets as experimental tools [16].

Table 33.1 Masses for the
oscillation balance experi-
ment measured with a digi-
tal balance and oscillation
periods T0 and T1 for the
experiment with the
keychain

Mass of the smartphone ms (211.70 � 0.02) g

Mass of the reclosable bag mb (1.00 � 0.02) g

Mass of the paper clip mc (3.00 � 0.02) g

Total mass m0 (215.7 � 0.1) g

Mass of the spring mf (3.85 � 0.02) g

Oscillation period T0 (1.01 � 0.2) s

Oscillation period T1 (1.46 � 0.02) s
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Measuring a Spring Constant
with a Smartphone Magnetic Field Sensor 34
Unofre Pili and Renante Violanda

In introductory physics laboratories, spring constants are traditionally measured
using the static method. The dynamic method, via vertical spring-mass oscillator,
that uses a stopwatch in order to measure the period of oscillations is also commonly
employed. However, this time-measuring technique is prone to human errors and in
this chapter we present a similar setup, except for the motion timer being the B-field
sensor of a smartphone, in order to measure the period of oscillations and thus the
spring constant. The smartphone device as an introductory physics experimental tool
is quite well established [1]. For instance, the smartphone-based acceleration sensor
has been employed in a rather quick measurement of the acceleration due to gravity
(Chap. 6) [2] and in analyzing simple pendulum phenomena (Chap. 29) [3]. In
addition, the magnetic field sensor of the smartphone device has been effectively
used as well in measuring average angular velocity (Chap. 14) [4] and the accelera-
tion due to gravity (Chap. 30) [5].

34.1 Theoretical Background

The oscillations of a spring-mass oscillator is one classic example of simple har-
monic motion in which the period of oscillations T is expressed as [6]

T ¼ 2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mþ meff sð Þ

k

r
, ð34:1Þ

wherem is the suspended mass, k the spring constant, andmeff(s) is the effective mass
of the spring and is equal to one-third of the mass of the spring for the case in which
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the ratio between the suspended mass and the mass of the spring is substantially
greater than one [6]. Equation (34.1) can be written as

T2 ¼ 4π2

k
mT, ð34:2Þ

where mT ¼ m + meff(s) is the total suspended mass. Equation (34.2) presents a linear
relationship between the square of the period T2 and the total suspended mass mT

with slope S:

S ¼ 4π2

k
: ð34:3Þ

With the availability of data points for T2 and mT, and subsequently plotting T2
against mT, the spring constant can be determined from the slope—of the resulting
linear plot—by substituting it in Eq. (34.3).

34.2 Experiment

The experimental setup (except for the computer) is shown in Fig. 34.1. It is made up
of a vertical spring-mass oscillator acquired from PHYWE (with extra 50-g mass
slugs necessary for varying the total suspended mass of the system), a computer with

Fig. 34.1 Experimental setup. The small cylindrical magnet, at left, glued at the bottom of the
mass hanger is emphasized. Protecting the phone with a hard transparent material is recommended,
in case the suspended mass accidentally falls off
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MS Excel, and a smartphone installed with an Android application called Physics
Toolbox Sensor Suites [7]. In addition, a small permanent magnet is attached at the
bottom of the mass hanger. The primary parameter with which this setup is intended
is to measure the period of oscillations of the oscillator.

Performing the experiment, we launched the B-field sensor of the smartphone via
the Android application and subsequently allowed the spring-mass oscillator to
oscillate a couple of centimeters above the smartphone screen, generating time series
plots (x-, y-, and z-components) of the B-field. We then imported the MS Excel-
compatible CSV file into the computer from which we regenerated the plots and did
further and necessary data analysis. To finally obtain the period of oscillations, we
chose the z-component of the B-field because it emerged to be the most prominent as
far as our setup was involved. We have taken into account six different values of the
suspended mass, including the mass of the magnet and hanger, in order to gather, as
well as increase, the accuracy of the results, data points for T2 and mT. Figure 34.2
presents one of the six time-based B-field plots, corresponding to one of the
suspended masses that we regenerated in MS Excel.

Fig. 34.2 Time series plot of the B-field corresponding to one of the suspended masses. It does
reflect the periodic motion of the suspended mass; the variation of the magnetic field is simply due
to its dependence on distance
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34.3 Results

The time separation between two successive peaks (or valleys) in the B-field against
time plot shown in Fig. 34.2 is the period of oscillations. The value of the period is
equal to the time difference obtained after subtracting the time coordinate of the
preceding peak (or valley) from the time coordinate of the immediate succeeding
peak (or valley). We have obtained the time coordinate of each peak with the help of
the data cursor. We took the average period by considering 10 pairs of two succes-
sive peaks (or valleys). Each average period corresponding to each of the six
different suspended masses already obtained, we plotted the square of the period
against the suspended mass. The resulting linear plot is shown in Fig. 34.3.

Inserting the value of the slope in Eq. (34.3), we found the average value of the
spring constant to be 29.5 N�m�1. Then performing linear regression on the data
points, we obtained the standard error in the slope and, subsequently applying error
propagation for division [8] on Eq. (34.3), we found the spring constant to be within
29.5 � 0.1 N�m�1. The indicated accepted commercial value of the spring constant
of the spring we used is 30.0 N�m�1.

34.4 Conclusions

We have demonstrated that the magnetic field sensor of a smartphone is a reliable
motion timer. It appears to be novel, in the experiment presented at least, and
accurate. Because smartphone devices are popularly known for their everyday
uses and not for their applications in scientific experiments, it is seen that students
will likely find fun and fascination performing the experiment themselves.

Fig. 34.3 Plot of the square of the period against total suspended mass. The red line is the best fit
line to the data points with slope equal to 1.34 s2�kg�1
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Furthermore, other experiments involving motion can be explored using the mag-
netic field sensor of smartphones for time interval measurements.
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Analyzing Elevator Oscillation
with the Smartphone Acceleration Sensors 35
Jochen Kuhn, Patrik Vogt, and Andreas Müller

It has often been reported in this book that smartphones are very suitable tools for
exploring the physical properties of everyday phenomena. A very good example of
this is an elevator ride. In addition to the acceleration processes, oscillations of the
cabin are interesting. The present work responds to the second aspect.

35.1 Theoretical Background and Execution of the Experiment

When riding in a cable-driven elevator, you might notice that a sudden jolt, perhaps
from someone jumping vertically in the elevator, causes the elevator to start swaying
or oscillating, with the period of oscillation decreasing at higher levels.

The reason for this is that, in simplified terms, a cable-driven elevator can be seen
as a spring pendulum. Several previous contributions have described how a spring
pendulum can be explored using smartphones (Chap. 32) [1–3]. The elevator cable
corresponds to the spring of a spring pendulum with the spring constant k and the
elevator car corresponds to the pendulum body M. The duration of periods T is
therefore calculated with the equation
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T ¼ 2π

ffiffiffiffiffiffiffi
M
k
:

r

The spring constant itself is, in turn, inversely proportional to the length L and
directly proportional to the modulus of elasticity E and the cross section A of the
elevator cable. Thus, the following applies

k ¼ E � A
L

:

If this relationship is integrated into the first equation, the result is

T ¼ 2π

ffiffiffiffiffiffiffiffiffiffiffi
M � L
E � A

r
! T2 / L:

In order to explore the validity of this relationship, a smartphone or a tablet PC is
placed on the floor of the elevator (Fig. 35.1). Next, while the elevator is stationary,
the vertically acting component of acceleration (component in the z-direction,
perpendicular to the display) is selected using an appropriate app (iOS:
e.g. SPARKvue [4]; Android: e.g. Accelogger [5]) and the measurement is started.
When a person jumps one time in the elevator, it causes it to start oscillating, which
is then recorded using the app.

After importing the data into a spreadsheet, the period of oscillation is then
determined from the oscillation curve of the app and the procedure is repeated on
every story of the high-rise building (Fig. 35.2). In order to see the behavior

Fig. 35.1 Smartphone at the bottom of the elevator (here, iPhone with the SPARKvue app)
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predicted above, the high-rise building needs to have a sufficiently high number of
stories (at least 10).

35.2 Experiment Analysis

Table 35.1 contains the results of measurements made as an example in the high-rise
building in Fig. 35.2. For the experiment, the cable length Lwas estimated by adding
together the heights of the individual stories and the estimated remaining height
between the top floor and the building’s roof. In the example described here, the
story height h was measured as 3 m and the remaining length of the cable L0 (length
of cable at the top floor) was estimated to be 0.5 m.

If the square of the duration of the periods is entered against the estimated cable
length in a system of coordinates, it is possible to explore how well the model above
works (we found a coefficient of determination R2 > 0.94; see Fig. 35.3). This
measurement process was repeated in several different elevators; the experiment
consistently produced similar results.

Figure 35.3 also clearly shows that the oscillation does not only depend on the
pendulum length L, because if this was the case it would result in a line from the
origin. Indeed, the ordinate intercept deviates significantly from zero in Fig. 35.3. A

Fig. 35.2 Eleven-story high-
rise building with a cable-
driven elevator
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possible reason for this is, on the one hand, that an elevator system is generally
equipped with shock absorbers. The additional elasticity of the unrolled cable results
in an extension of the duration of oscillation. An additional influencing factor could
be that the cable is directed around a fixed pulley and that the estimated length of the
cable therefore exceeds its actual length.

Studying this phenomenon using smartphones’ acceleration sensor should also be
integrated in a more sophisticated instructional setting, connected with other phe-
nomena [6, 7] addressing the students’misconceptions which could be related to this
concept [8]. Anyway, current research shows that using this method to study free fall

Table 35.1 Example of experiment

Number of
stories

Number of stories, counted starting from the
top n

T in
s

T2 in
s2

L ¼
n�h + L0

11 0 0.15 0.02 0.50

10 1 0.16 0.03 3.46

9 2 0.20 0.04 6.42

8 3 0.22 0.05 9.38

7 4 0.22 0.05 12.34

6 5 0.24 0.06 15.30

5 6 0.26 0.07 18.26

4 7 0.26 0.07 21.22

3 8 0.27 0.07 24.18

2 9 0.27 0.07 27.14

1 10 0.28 0.08 30.10

Fig. 35.3 Graphical depiction of the measured values
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and oscillation phenomena could at least increase curiosity and motivation of the
students when they learn with smartphones or tablets as experimental tools [9].
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Coupled Pendulums on a Clothesline 36
Michael Thees, Sebastian Becker-Genschow, Eva Rexigel,
Nils Cullman, and Jochen Kuhn

The importance of coupled oscillations for natural and engineering sciences is
undisputed. But due to the complex processes behind the phenomena, its educational
arrangement remains challenging.

Based on traditional setups of coupled spring pendulums [1–3] and torsion
pendulums [3, 4], we investigate a low-cost experiment consisting of two
clothespins that are mounted on a fine string [5]. We use a simple approach via
spring pendulums to describe the dependencies of the coupling between the
clothespins, particularly with regard to the distance between their mounting points.
The theoretical approach coincides with experimental data that is extracted via
mobile video analysis using tablet PCs [6] and the apps Viana [7] and Graphical
Analysis [8].
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36.1 Theoretical Background

Compared to a traditional setup of two spring-coupled spring pendulums with
identical masses, we use two identical clothespins mounted on a fine string with
identical distances between the pins and the mounting of the string (Figs. 36.1 and
36.2), resulting in two string-coupled torsion pendulums.

Writing Newton’s second law for x1 and x2 of the system in Fig. 36.1a yields

�kx1 � k12 x1 � x2ð Þ ¼ m€x1 and� kx2 � k12 x2 � x1ð Þ ¼ m€x2,

which, when written in terms of the center of mass X ¼ 1
2 x1 þ y2ð Þ and difference

coordinate, Y ¼ 1
2 x1 � y2ð Þ become simple harmonic oscillator equations [3]:

€X ¼ � k
m
� X and €Y ¼ k þ 2k12

m
� Y :

Thus, the system has two “normal”modes of oscillation: one with frequency squared
given by ω2 ¼ k/m, corresponding to the symmetric motion of both masses together,
and one given by

Ω2 ¼ k þ 2k12
m

,

corresponding to the anti-symmetric motion. The actual motion of each clothespin
can be described as a superposition of those modes. The energy is transferred back

Fig. 36.1 Schematic comparison between coupled spring pendulums (a) and coupled torsion
pendulums ([b] frontal view, [c] side view); xi and φi describe the corresponding deviations from
the rest positions
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and forth between the pins with a frequency given by half the beat frequency of the
superposition, so the time it takes the energy to transfer from one pin to the other is

τtransfer ¼ Tbeat

4
¼ π

Ω� ω
¼ π � Ωþ ω

Ω2 � ω2
¼ π � Ωþ ω

2k12=m
: ð36:1Þ

Likewise, we can apply the torque equation [3] to each of the clothespins, using
c and c12 for the Hooke’s law proportionality constants of the small angular
displacements of the pins from their equilibrium position, arriving at

�M � g � r � sin φ1 � cφ1 � c12 φ1 � φ2ð Þ ¼ I€φ1

and

�M � g � r � sin φ2 � cφ1 � c12 φ2 � φ1ð Þ ¼ I€φ2,

whereM, r, and I are the mass, momentum arm to the center of mass, and moment of
inertia of one single pin, respectively. Thus, for small angles, and with the
identifications k ➝ (Mgr + c), k12 ➝ c12, and m ➝ I, we expect that the energy
will be transferred between the clothespins in a time

Fig. 36.2 (a) Photo of the experimental setup. (b) Detailed view of the tight mounting and one of
the markers beneath the clothespins
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τtransfer ¼ π � Ωþ ω
2c12=I

: ð36:2Þ

Finally, we expect that the Hooke’s law constants c and c12 will depend inversely
on the length of the corresponding clothesline [3, 4], so we write c ¼ C/L and
c12 ¼ C12/L12, giving

τtransfer ¼ π
2
� I � Ωþ ωð Þ � L12=C12: ð36:3Þ

This result suggests that if L12 is about the same length as L, i.e., L12 ¼ L + x with
x � L, then the transfer period should be approximately linear in x, since (Ω + ω)
depends so weakly on x. Altogether, we obtain

τtransfer ¼ π
2
� I
C12

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Mgr þ C
L
þ 2

C12

Lþ x

� �

=I

r

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Mgr þ C
L

� �

=I

r

 !

� Lþ xð Þ:

Furthermore, the ratio of the y-intercept of the line to the slope of the line in this
theoretical model should be given by L; the experimental value comes to

y� intercept
slope

¼ 1:45 s
7:37 s

m
¼ 0:197� 0:006ð Þm

(Fig. 36.4), a reasonably satisfying result.

36.2 Experimental Setup

The two clothespins are mounted tightly on the fine string (“the clothesline”), which
is under tension with the help of two weights (we used m ¼ 0.5 kg). The tablet is
placed beneath the pins with its display pointing upwards in order to record a video
of the pins’ motion with the front camera of the device (the default recording rate is
about 30 fps, iPad 4 mini). To improve tracking with the video analysis software, it is
helpful to attach a colored marker beneath each clothespin (Fig. 36.2b).

To conduct the experiment, one clothespin is deflected manually and released,
while the oscillation is recorded by the tablet PC. Due to the coupling via the string,
the energy of the oscillation is transferred between the clothespins periodically. After
several transfer periods, the recording is stopped and the video is imported into the
app Viana, where the position of each marker is tracked and displayed automatically.
We obtain the following diagram (Fig. 36.3) of the oscillation over time.

To determine τtransfer, the data are imported into Graphical Analysis [8], where we
can read out the period with the help of a precise cursor. A systematical variation of
the distance between the clothespins resulted in an almost linear relation between the
distance x¼ L12

_ L and τtransfer (Fig. 36.4), in accordance to our theoretical approach
(Eq. 36.4).
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36.3 Discussion

Combining this low-cost experiment with the simple but effective method of mobile
video analysis results in a low-cost setup that can easily be used for educational
purposes in school laboratories. Based on concepts of traditional spring-coupled
pendulums, this case is useful for qualitative and quantitative investigations, e.g.,
with the presented simple theoretical approach.

Fig. 36.3 Screenshot of the deviations over time of each clothespin, using L12 ¼ 0.2 m and
L ¼ 0.2 m (the y-axis points in the direction of movement); the period of energy transfer τtransfer is
marked
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Fig. 36.4 Period-distance-diagram for L ¼ 0.2 m; a simple linear regression yields
τtransfer (x) ¼ (7.37 � 0.17) s

m�x + (1.45 � 0.01) s and the coefficient of determination R2 ¼ 0.99
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Alternatively, the coupling could be varied via the tension of the string using
different weights. Furthermore, the focus of the investigations could also be on the
phase relationship between the oscillating clothespins, e.g., their normal modes.

The validation of our approach and further investigations are limited due to
additional vibrations of the string and the pins, leading to a nonlinear impact on
the energy transfer. Anyway research shows that learning with mobile video analysis
can also increase conceptual understanding [9, 11] while decreasing irrelevant
cognitive effort and negative emotions [10, 11].
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Superposition of Oscillation
on the Metapendulum: Visualization
of Energy Conservation
with the Smartphone

37

David Weiler and Arne Bewersdorff

The Metapendulum is a combination of both the simple gravity pendulum and the
spring pendulum. Both excite each another and, therefore, can be used as an example
of mechanical resonance phenomena. The data of a smartphone’s accelerometer can
be used to record the acceleration of the pendulum during the oscillation movement.
With that, the resonance within the system can be visualized.

37.1 Theoretical Background

The use of the smartphone to record the acceleration of the spring pendulum
(Chap. 32) [1] as well as the gravity pendulum (Chap. 29) [2] and coupled
pendulums (Chap. 36) [3] has already been described in this book. The
Metapendulum [4] (also known as “Gorelikpendulum”) now combines the linear
elastic oscillation of a spring pendulum with the harmonious oscillation of a simple
gravity pendulum.

In the experimental setup, a cord with a smartphone as pendulum mass is attached
to a spring pendulum (Figs. 37.1 and 37.2). The vertical oscillation of the spring
pendulum and the horizontal oscillation of the gravity pendulum alternate periodi-
cally. This is due to the fact that the resonance frequency of the two partial
pendulums is calculated to be identical. One pendulum can excite the other and
vice versa. The energy fluctuates between kinetic energy and potential energy in the
spring pendulum, and kinetic and potential energy in the gravity pendulum. The
motion can be characterized into three states (see Fig. 37.3, and video [5]):
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Fig. 37.1 Setup of the Metapendulum

Fig. 37.2 Exemplary experimental setup of the Metapendulum with smartphone

Fig. 37.3 The three states of motion of the Metapendulum
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1. The total energy of the system is inherent in the horizontal pendulum movement
of the cord. It is distributed between the potential energy (velocity is zero) and the
kinetic energy (maximum velocity at rest position).

2. The energy is divided between the two modes of oscillation. This causes both the
stretching of the spring and the horizontal deflection of the thread pendulum.

3. The total energy is stored in the vertical pendulum movement of the spring
pendulum. Here the forms of the maximum potential energy (upper reversal
point), the maximum kinetic energy (passage through the rest position), and the
maximum tension energy (lower reversal point) can be distinguished.

In order to achieve a cyclic shift between the pendulum oscillation and the spring
oscillation, the length of the cord must match with the spring constant of the coil
spring.

First, the mass m of the smartphone with the smartphone case and the period T of
the spring pendulum must be determined by weighing and measuring. Therefore, the
spring constant D is calculated with the formula

T spring ¼ 2π

ffiffiffiffi
m
D

r
: ð37:1Þ

The transformation to D gives

D ¼ 4π2m
T2 : ð37:2Þ

Now it must be calculated how long the combined length of the spring pendulum, the
cord, and the smartphone have to be in order to achieve the intended resonance
phenomena. For this to happen, the period of the gravity pendulum has to be twice
the period of the spring pendulum:

Tgravity ¼ 2 � Tspring: ð37:3Þ
This is due to the fact that during one period of oscillation of the gravity pendulum,
the projection of the movement of the mass has twice the period of a spring
pendulum (Fig. 37.4). Under these circumstances, resonance occurs.

Let the formula for the period of the gravity pendulum be

Tgravity ¼ 2π

ffiffiffi
l
g

r
: ð37:4Þ

The total length of the pendulum consists of the length of the spring pendulum, the
cord length (gravity pendulum), and the distance to the center of mass of the
smartphone (usually half the length of the smartphone). Resolving Eq. (37.4) with
Eqs. (37.3) and (37.1), the length is determined to
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ltotal ¼ 4
m � g
D

: ð37:5Þ

To determine the cord length, the length of the deflected spring and half the length of
the smartphone have to be subtracted from the total length.

The length of the deflected spring can be calculated with the help of Hooke’s law
using the formula

lspring,deflected ¼ Δlþ lspring ¼ m � g
D

þ lspring: ð37:6Þ

Alternatively, it can also be measured directly by determining the spring constants.

37.2 Analysis

During the experiment, the x-, y-, and z-axis acceleration is recorded from the sensors
of the smartphone with the app Phyphox over time—minus the acceleration due to
gravity (Fig. 37.5). Data can be exported to an Excel sheet. A start delay of 3 s or
starting the measurement via Bluetooth both have proven to be effective.

Fig. 37.4 One oscillation of
the spring pendulum
corresponds to half an
oscillation of the gravity
pendulum
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For the analysis, noise at the beginning and at the end of the experiment, which
are caused by releasing and stopping the smartphone, is removed. The values of the
y-axis sensor can be used for the vertical acceleration. Since the smartphone rotates
during the experiment, the Pythagorean theorem must be used to add the acceleration
of the horizontal movement from the x- and z-axis sensor data (Fig. 37.6).

The two pendulum accelerations over time are compared in the diagram seen in
Fig. 37.7. Transitions between vertical and horizontal acceleration are clearly recog-
nizable in this diagram. Oscillation decreases due to friction losses until it finally
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Fig. 37.5 Recording the
acceleration (x,y,z) in
Phyphox

Fig. 37.6 Horizontal
acceleration must be
calculated by adding x- and z-
components
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comes to a complete standstill. Thus, the Metapendulum can be used to exemplarily
explain resonance phenomena in coupled modes.
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Demonstration of the Parallel Axis Theorem
Through a Smartphone 38
I. Salinas, M. H. Gimenez, J. A. Monsoriu, and J. A. Sans

New learning strategies try to extend the use of common devices among students in
physics lab practices. In particular, there is a recent trend to explore the possibilities
of using smartphone sensors to describe physics phenomena (Chap. 62) [1, 2]. On
the other hand, the study of the moment of inertia by the use of the torsion pendulum
is a typical example in the first courses of fundamentals of physics [3]. This example
allows the exploration of harmonic motion, Newton’s second law, the moment of
inertia theory, and the parallel axis theorem all in one. Here, we report the use of the
accelerometer sensor of a smartphone to visualize and demonstrate the parallel axis
theorem in a torsion pendulum.

38.1 Experiment

The study of the torsion pendulum motion will serve to visualize forced, damped, or
simple harmonic motion and explore the implications of the moment of inertia and
the parallel axis theorem [4, 5].

In the experiment described in Fig. 38.1, a rod rotates around its rotation axis
subjected to the force of a spring (stiffness k). In order to measure the acceleration
caused in the extreme of the rod, we took advantage of the accelerometer sensor of
the smartphone, whereas a known mass m is placed at several distances from the
center of the rod. Thus, applying Newton’s second law, we know that the moment of
force or torque MT is related to the angular acceleration α and the moment of inertia
I. Therefore, the motion is dominated by the stiffness of the spring and the angle
shifted θ with the following relation:
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MT ¼ Iα ¼ �kθ: ð38:1Þ
Then, the equation that must be solved is:

€θ þ k
I
θ ¼ 0, ð38:2Þ

where the angular frequency is:

Ω ¼
ffiffiffi
k
I

r
¼ 2π

T
: ð38:3Þ

The moment of inertia of the system can be described as the addition of the moment
of inertia of its components, as follows:

I ¼ Irod þ Ismartphone þ Imass: ð38:4Þ
Now, applying the parallel axis (or Huygens-Steiner) theorem to m that says the
moment of inertia around any axis (Imass) separated a distance d to the center of mass
can be obtained from the moment of inertia of a parallel axis passing through the
center of mass of the object (Imass0),

Imass ¼ Imass0 þ md2: ð38:5Þ
Then, the moment of inertia of the system can be expressed as a function of the
distance, such as

I ¼ Irod þ Ismartphone þ Imass0 þ md2 ¼ I0 þ md2: ð38:6Þ
The period squared of the oscillation can be expressed as

Fig. 38.1 Scheme of the
experiment performed
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T2 ¼ 4π2I
k

¼ 4π2I0
k

þ 4π2m
k

d2: ð38:7Þ

In summary, there is a direct relation between the period of the oscillation registered
in the extreme of the rod and the distance of the mass to its center of gravity.

38.2 Analysis and Discussion

By means of a slight shift of the rod in the spring, the system starts to oscillate. The
oscillations of the system are collected by the Android application Physics Toolbox
Suite [6], taking advantage of the smartphone’s accelerometer sensor. The represen-
tation of the oscillations is shown in Fig. 38.2, which allows us to calculate the
period (T ) of each oscillation for the normal and tangential component of the
acceleration.

The values of the time period of the tangential component of the acceleration at
each position of the mass m of 0.236 kg are represented in Table 38.1.

The square of the values showed in Table 38.1 are displayed in Fig. 38.3, where
one can observe a linear trend, according to Eq. (38.7). The high quality of the fit
(r2¼ 0.9999) offered a large reliability of the parameters obtained. Thus, from the fit
to a linear dependence through minimum squares and comparing with Eq. (38.7), we
can obtain that the slope aslope is related to the stiffness of the spring as
aslope ¼ 4π2m/k.
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Fig. 38.2 Plot of the normal
and tangential components of
the acceleration in function of
time placing the mass m at
d ¼ 0.20 m

Table 38.1 Average time
period of the tangential
acceleration for each posi-
tion (d ) of the mass m

d (m) Taverage (s)

0.05 4.87

0.10 5.18

0.15 5.65

0.20 6.24

0.25 6.92

0.30 7.68
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Applying Eq. (38.1), one can also find the value of the stiffness of the spring by
the application of a force at a determined distance. In our case, we have applied
0.25 N at a distance of 0.3 m and we have observed that the rod rotated π rad, then
k ¼ |MT|/θ ¼ 0.0239 Nm. The stiffness calculated from Eq. (38.7) is
kmeasured ¼ 4π2m/a ¼ 0.0231 Nm. The discrepancy obtained in the calculation of
the stiffness of the spring by both of these methods is less than 4%.

In summary, we present a new way to calculate the stiffness of a spring applying
previously acquired knowledge about moment of inertia and parallel axis theorem
thanks to the use of the accelerometer sensor of a smartphone. This new method has
been proved as an invaluable tool to bring physics experimentation to the students
and discover the potential possibilities of this common device as a sensor in a
multitude of basic physics experiments.
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Rotational Energy in a Physical Pendulum 39
Martín Monteiro, Cecilia Cabeza, and Arturo C. Marti

Smartphone usage has expanded dramatically in recent years worldwide. This
revolution also has impact in undergraduate laboratories where different experiences
are facilitated by the use of the sensors usually included in these devices. Recently,
in several articles published in the literature [1, 2], the use of smartphones has been
proposed for several physics experiments. Although most previous articles focused
on mechanical experiments, an aspect that has received less attention is the use of
rotation sensors or gyroscopes. Indeed, the use of these sensors paves the way for
new experiments enabling the measurement of angular velocities. In a earlier chapter
of this book the conservation of the angular momentum is considered using rotation
sensors (Chap. 22) [3]. In this work we present an analysis of the rotational energy of
a physical pendulum.

39.1 Experimental Setup

The experimental setup consists of a smartphone on the periphery of a bicycle wheel
that can rotate freely in a vertical plane as shown in Fig. 39.1. The smartphone is an
LG Optimus P990 2X (three-axis gyroscope MPU3050 Invensense, accuracy
0.0001 rad/s). The moment of inertia of the wheel, easily obtained by means of
small oscillations, is 0.040 kg�m2. The distance from the center of mass of the wheel
to the center of mass of the smartphone is R ¼ 0.30 m and the mass of the
smartphone m ¼ 0.14 kg.
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The application AndroSensor [4] running under Android was used to record the
values measured. The magnitudes relevant in this work are those reported by the
rotation sensor according to the x-axis. Once recorded, data can be exported and
analyzed using appropriate software.

39.2 Analysis of the Motion

In our experiment the bike wheel is set in motion performing full rotations in one
direction. During a single rotation the energy is very nearly conserved, and upon
using the bottom of the bicycle wheel as the zero of potential energy and measuring
the angle from this lowest potential energy position, we can write the total energy of
the system during the rotation as

Fig. 39.1 Smartphone mounted on a bike wheel and a scheme indicating the axes orientation
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E ¼ 1
2
Iω2

bottom ¼ 1
2
Iω2

top þ 2mgR,

where I is the moment of inertia of the wheel-phone combination about the pivot
point and ωbottom and ωtop are the angular velocities when the smartphone is at the
bottom or top position, respectively. Thus, conservation implies that

ω2
bottom � ω2

top ¼
4mgR
I

¼ constant:

In our setup the constant was determined from the parameters to be 31.3 (rad/s) [2].
As time goes by, due to the effect of a weak dissipation, the energy decreases and,

at a given point, the angular velocity first vanishes. Then, the wheel reverses the
direction of spinning and starts to oscillate around the stable equilibrium point. In
Fig. 39.2, the square of the angular velocity, proportional to the kinetic energy, is
plotted as a function of time. At the beginning of the graph, the wheel is rotating in
one direction; however, at t� 38 s, indicated by the green circle, the angular velocity
vanishes for the first time, and the wheel starts oscillating. Before the green circle,
when the wheel is rotating, relative maxima and minima are achieved when the
smartphone is passing through the lowest or highest points, respectively. After the
green circle, when the wheel is oscillating, relative minima coincide with turning
points or zeros of the angular velocity, while relative maxima correspond to the
smartphone passing through the lowest point in one direction or the other according
to the sign of the angular velocity.

In this figure, two exponential curves, fitting the relative maxima and minima,
reveal that the energy decreases roughly exponentially. The vertical difference
between these curves is about 31 (rad/s) [2]. This value shows excellent agreement

Fig. 39.2 Angular velocity squared (black), proportional to the kinetic energy, and two exponen-
tial curves fitting relative maxima and minima (red). The green circle indicates the transition from
rotations to oscillations
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with the value of the constant 4mgR/I previously obtained from direct measures of
the parameters.

39.3 Final Remarks

To conclude, we remark that the use of rotation sensors allows a broad spectrum of
measures applicable in different mechanical experiments, for example, spring,
double, or torsion pendula, or coupled oscillators. Other possibilities, to be consid-
ered in a future work, are given by the simultaneous use of acceleration and rotation
sensors that allows, among other things, to obtain a full characterization of the
motion of simple systems.
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Part VII

Acoustical Logging and the Speed of Sound



Determining the Speed of Sound
with Stereo Headphones 40
Patrik Vogt and Jochen Kuhn

In this example we describe how the speed of sound can be determined using simple
stereo headphones (ear buds) and sound analysis freeware.

When watching the start of a race from a distance of several hundred meters, one
notices a time difference Δt between the visual perception of the start signal and
hearing the bang. Sound is therefore not propagated instantaneously, but at a finite
speed c. There are numerous other examples in the daily lives of pupils that support
this conclusion. For instance, the observed time difference between the perception of
thunder and lightning is a particularly impressive example that enables us to
calculate how far away a storm is.

There are two main methods of determining the speed of sound in air in
experiments in school instruction. The first method involves producing standing
waves in a glass tube [1]. The location of nodes and antinodes can be found and the
speed of sound calculated by multiplying wavelength and frequency. Alternatively,
the so-called transit time method can be applied: This entails calculating the quotient
of the measured distance of the observer of the sound source and the time difference
Δt [2]. This is without a doubt the clearer alternative for pupils, in particular for those
at lower secondary school level.

If the time transit method is performed in a physics laboratory, the short distance
between the observer and the sound source makes it hard to measure the time
interval. For this reason a computer-aided data measurement system is usually
used. However, this has two disadvantages: first, a large number of schools do not
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have a system of this kind; second, the experiment conducted conventionally can
only be carried out as a demonstration, owing to cost restraints.

40.1 Determining the Speed of Sound with a Sound Card
and a PC

One possibility to perform the experiment without an expensive data measurement
system, but with the help of a PC equipped with a sound card, two microphones, and
audio analysis software (e.g., Audacity [3]), is described in Ref. [4] and [5]. The
microphones have to be set up at a distance of approximately one meter and plugged
into the stereo input of the sound card (line-in) using a y-cable (Fig. 40.1).

After having activated the record symbol of the analysis software, a short loud
acoustic impulse is produced from a location that is on a straight line with the
microphones. It can, for example, be generated by a loud hand clap. When
performing the stereo recording, the audio analysis software is able to analyze the
two microphones separately; as a result, the sound impulse is displayed first on the
microphone situated closer to the sound source and reaches the second microphone
after a time interval Δt. This time interval can be measured by the audio analysis
software (see below), and the velocity c at which the sound impulse moved from
microphone 1 to microphone 2—i.e., the speed of sound—can be calculated by
dividing the distance Δs of the two microphones by the time interval Δt:

c ¼ Δs
Δt :

40.2 Low-Cost Alternative Using Headphones

If the microphones are replaced by a standard pair of headphones (Fig. 40.2), it can
then be considered a low-cost experiment and can also be conducted by pupils.

Figure 40.3 shows a measurement example for headphone capsules with a 0.50-m
distance. The experiment was conducted identically to the experiment described
above with the two microphones. With a time difference of 1.49 ms, the speed of
sound in air was calculated to be approximately 336 m/s. A comparison with the
known value (343 m/s at 20 �C) demonstrates that the speed of sound in air can be

Fig. 40.1 Determining the
speed of sound using the
transit time method
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measured sufficiently accurately using an everyday object that is available to all
pupils and easy to use. The literature value is situated within the error interval of the
measurement [c ¼ (336 � 11) m/s].

As well as determining the speed of sound in air, the experiment presented in Ref.
[4] can be conducted to calculate the speed of propagation of sound in water, also
using a standard pair of headphones. A possible measuring distance could, for

Fig. 40.2 Determining the speed of sound using headphones

Fig. 40.3 Measurement example for a distance of 0.5 m, recorded with Audacity software
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example, be within a window box filled with tap water (Fig. 40.4). In order to use
the headphones as hydrophones, they need to be covered in latex balloons. With a
0.57-m microphone distance and a measured time difference of 0.40 ms, the speed of
sound in water is calculated to be v � 1400 m/s. This value also matches well with
the literature value (1400 m/s at 5 �C).

A series of other examples of computer-aided data measurement using a sound
card that are appealing and suitable for school instruction can be found in Refs. [4]
and [6–10].
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Stationary Waves in Tubes and the Speed
of Sound 41
Lutz Kasper, Patrik Vogt, and Christine Strohmeyer

The opportunity to plot oscillograms and frequency spectra with smartphones creates
many options for experiments in acoustics, including several ones in this book
(Chaps. 2, 48 and 49) [1–3]. The activities presented in this chapter are intended
to complement these applications, and include an approach to determine sound
velocity in air by using standard drain pipes [4, 5] and an outline of an investigation
of the temperature dependency of the speed of sound.

Sound Propagation in Drain Pipes “Intermateable” PVC drain pipes (e.g., length
L¼ 3 m, threaded or simply belled on one end, diameter d¼ 6–16 cm), purchased at
hardware stores often at less than a dollar (U.S.) per foot, are used to set up a sound
tube as long as possible (minimum 5 m).1 If a student whispers into one end of the
tube, despite the large distance covered, students at the other end will hear it well
(Fig. 41.1). Since the sound spreads primarily in the direction of the tube, and not in
three dimensions, the sound at the other end will exceed the auditory threshold. The
“whisper experiment” will be especially impressive if the sound tube is led around
one or more corners, which can simply be realized with elbow fittings (Fig. 41.2).

In addition, another phenomenon can be observed: the acoustical signal
propagating in the tube is reflected at the open tube end and is perceived again as
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an echo with a slight delay. A loud, abrupt acoustical signal, e.g., a snap of the
fingers, may even be heard several times because of multiple reflections from the
ends of the tube. With every echo the propagation distance rises by double the length
of the tube. If the acoustical signals are recorded with a smartphone oscilloscope app
(Fig. 41.3), the sound velocity can be calculated with high accuracy from the
readable time differences.

Fig. 41.1 A girl listens to the
voice of a classmate who is
positioned at the other end of
the long pipe

Fig. 41.2 Sound tube setup with “intermateable” drain pipes

240 L. Kasper et al.



End-Pipe Correction For more accurate results, the end-pipe correction has to be
taken into account, which indicates that the reflection point of the sound wave (its
pressure node) is located slightly outside the pipe. The end-pipe correction ΔL
depends on the radius R of the pipe, as the following applies [6]:

ΔL � 0:61R:

An easy way to determine the end-pipe correction in a classroom experiment is
described in Ref. [7].

The exemplary measurement was realized with a sound tube of length L¼ 34.4 m
and radius R¼ 8.1 cm; the room temperature was 18 �C. As can be seen in Fig. 41.4,
the transit time of the third echo is 0.608 s. With ΔL¼ 0.61R, the sound velocity c is
given by

c ¼ Δs
Δt ¼

6 Lþ 10 � 0:61 R
Δt � 340

m
s
:

Fig. 41.3 Illustration of the
distance covered by the
acoustic signal (a finger
“snap”) during the evaluation
of the third echo

Fig. 41.4 Screenshot from
the oscilloscope app; the first
amplitude represents the
original snapping noise, the
following amplitudes are
caused by following echoes
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The value matches well with the value given in the literature (342 m/s at 18 �C)
[8]. Since the smartphone microphone was located at the place where the sound was
generated (same pipe end) and used to measure the third echo, the end-pipe correc-
tion will be traversed ten times altogether (Fig. 41.3).

In order to minimize the error in measurement, the time difference is analyzed
from the original snapping sound to an echo as late as possible instead of using the
first echo, resulting in a relative error of about 0.5%. Depending on pipe length and
radius, the end-pipe correction can be neglected in many circumstances—in the
example above, the end-pipe correction is about 0.2%.

Determining the Tube Length Instead of determining the sound velocity, the
described setup can be used to experimentally determine the tube length. For the
sound tube used in Fig. 41.2 (R ¼ 3.5 cm), the transit time between the original
signal and the third echo was 199 ms. Therefore the tube length is acoustically
determined to be 11.3 m (at a temperature of 18 �C). The length measured with scale
was 11.25 m, and the discrepancy is readily accounted for by the multiple elbow
bends.

Temperature Dependency of the Speed of Sound The relatively long propagation
distances ensure that the error in the determined sound velocity is very small. Thus,
the temperature dependency of sound velocity in air may be verified with the same
setup. A sound tube similar to the one in Fig. 41.5 was set up in winter, first outside
and then inside the building. In order to facilitate the conventional measurement of
tube length, the sound tube was set up without elbow bends. The measured values
matched reasonably well with the theoretically anticipated values [8] (see
Table 41.1)—the deviations are in the direction one would expect if one were to
include the effect of the water vapor in the air.

Fig. 41.5 Investigating the
temperature dependency of
the speed of sound in air
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Table 41.1 Temperature dependency of the speed of sound

Outdoor measurement Indoor measurement

Pipe length 9.48 m 9.48 m

Pipe radius 0.07 m 0.07 m

Temperature 0 �C 24 �C
Time difference between signal and the echo 0.229 s 0.219 s

Speed of sound in the experiment 333 m/s 348 m/s

Speed of sound in dry air (literature value) 331 m/s 346 m/s
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Tunnel Pressure Waves: A Smartphone
Inquiry on Rail Travel 42
Andreas Müller, Michael Hirth, and Jochen Kuhn

When traveling by rail, you might have experienced the following phenomenon: The
train enters a tunnel, and after some seconds a noticeable pressure change occurs, as
perceived by your ears or even by a rapid wobbling of the train windows. The basic
physics is that pressure waves created by the train travel down the tunnel, are
reflected at its other end, and travel back until they meet the train again. Here we
will show (i) how this effect can be well understood as a kind of large-scale outdoor
case of a textbook paradigm (Chap. 41 and [1–4]), and (ii) how, e.g., a prediction of
the tunnel length from the inside of a moving train on the basis of this model can be
validated by means of a mobile phone measurement.

42.1 Model

When a pressure wave runs down a tube (a sound wave duct, scientifically speaking)
and hits the end, it (more precisely, part of its intensity) will be reflected. We will
refer to the two ends of the tunnel as the train entrance and exit. If, as in the case of a
tunnel, the tube has open ends (low acoustic impedance of the surrounding medium),
a phase inversion occurs, and compression (C) will be reflected as rarefication
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(R) and vice versa [1, 2]. With multiple reflections a sequence of rarefication and
compression pulses RCRCRC. . . will hit the train and the ear of a passenger.
Qualitatively, this is precisely what can be seen from Fig. 42.1, showing the pressure
variation as a function of time during a train passage through a tunnel, as measured
by the pressure sensor of a smartphone (see below for experimental details). In order
to validate our basic model quantitatively, we consider the time difference Δt
between two consecutive R pulses, i.e., the dips in Fig. 42.1. This time difference
is given by

Δt ¼ 2l
vs þ vt

, ð42:1Þ

with l, vt, vs being the length of the tunnel, and the speed of the train and of sound,
respectively. Throughout this contribution, we will assume vt to be constant while
the train traverses the tunnel. Equation (42.1) can be obtained as follows: In the
sequence RCRCRC. . . initiated by the front end wave of the train, the R pulses arrive
after an uneven number (u ¼ 1, 3, 5. . .) of reflections. The time of arrival of the R
pulse after u reflections is given by

tu ¼ t0 þ Δtu, ð42:2Þ
where t0 is the build-up time of the initial pulse after the train has entered the tunnel,
andΔtu the time of propagation from this moment until the R pulse after u reflections
hits the train again. This propagation time is given by the speed of sound and by the
total distance it has to cover, with the following contributions: l � t0vt is the first
stretch from the origin of the pulse to the exit; then before the uth reflection at exit,
the sound has to cover (u � 1)l times the full tunnel length from exit to entrance and
back to exit; finally (l� tuvt) for the last stretch from the last reflection at exit back to
the train, which in between has covered the distance tuvt in the tunnel. Putting this
together yields

Fig. 42.1 Pressure variation as function of time during a train passage through a tunnel. The
entrance moment of the passenger is at t¼ 0, and the exit moment is indicated by the black arrow, in
between a series of pressure peaks and dips (see text for detailed discussion)
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Δtu ¼ v�1
S l� t0vtð Þ þ u� 1ð Þlþ l� tuvtð Þ½ �

¼ v�1
S uþ 1ð Þl� t0vt � tuvt½ Þ�: ð42:3Þ

Inserting this in Eq. (42.2) and solving for tu, we obtain

tu ¼ t0 vs � vtð Þ
vs þ vt

þ uþ 1ð Þ l
vs þ vt

: ð42:4Þ

Inserting in Δt ¼ tu + 2 � tu finally leads to Eq. (42.1). Note that in the above
considerations, t0 is determined by a complicated process of 3-D fluid dynamics
(depending for example on the shapes of the train and tunnel), which would be
impossible to calculate without advanced numerical methods; Δtu is determined by
the 1-D dynamics of sound propagation and reflection in tubes and is accessible to
high school physics. Considering the differences in Eq. (42.1) allows one to avoid a
theoretical treatment of the very difficult t0 part.

The result [1] for Δt can also be used to infer the other quantities, e.g., the tunnel
length (see next section):

l ¼ 1
2
Δt vs þ vtð Þ: ð42:5Þ

A form of this relationship for the practically important case where vt is not known,
but only the time of passage of the train through the tunnel (tp), is obtained by
inserting vt ¼ l/tp in Eq. (42.5) and solving for l:

l ¼ 1
2

1� 1
2
Δt=tp

� ��1

Δtvs: ð42:5�Þ

We now turn to an experimental validation of the above results based on smartphone
measurements.

42.2 Experiment

The measurements were made with the integrated pressure sensor of a Samsung
Galaxy S4 smartphone. It was used in combination with the app Androsensor, which
has a good degree of user friendliness, allowing the readout of all built-in sensors and
data-logging to a csv file [5]. The maximal readout frequency is 4 s�1, and reliability
at least for relative pressure measurements is satisfactory [6].

The data of Fig. 42.1 were taken from the Heiligenberg Tunnel in the state of
Rhineland Palatinate of Germany (49�260N, 7�51–520E), with parameters as follows:
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l tunnel lenghtð Þ ¼ 1347 m official valueð Þ
vt train velocityð Þ ¼ 38 m=s measurement, see belowð Þ
vs sound velicityð Þ ¼ 343 m=s tabulated value for 20 �Cð Þ

ð42:6Þ

The measurement begins exactly when the train enters the tunnel and ends shortly
after, and the sequence of main observations is as follows. At the moment of
entrance, there is a slight pressure increase with respect to the value outside the
tunnel (not shown). Then occurs the sequence of pressure peaks and dips predicted
by the model of multiple reflections, which we are going to test quantitatively in a
moment (we do not have an explanation for the very first peak at t � 2 s; no peak is
observed when the passenger is sitting near the train’s end). Finally, at the train’s
exit, the pressure goes back to the constant outside value; this is the plateau at the
right end (exit moment indicated by a black arrow).

From this, one can first determine the train velocity. With the time of passage
through the tunnel (tp ¼ 35.5 s) and the value for the length of the tunnel (see
Eq. (42.6)), one gets vt ¼ 38 m/s. This method was verified by a second independent
method using the GPS sensor of the smartphone, i.e., with a method neither using the
entrance and exit time stamps from the pressure curve nor the tabulated length of the
tunnel, but only a value measured from the inside of the train. The method and
validity of GPS-based methods of determining velocities, in turn, is well
documented in the literature, including a contribution in this column [7]. Sometimes
the train velocity in long distance trains (in Germany ICE) is displayed as informa-
tion for the passenger. In our case we do not have this information.

We now turn to the time difference Δt between two consecutive pulses. Consid-
ering the dips in Fig. 42.1 (arrival of R pulses), one has

Δt ¼ 7:2s �5%, from the width of the minimað Þ: ð42:7Þ
Inserting this and the above values for vs and tp in Eq. (42.5*) (note that we do not
need vt here), one obtains

l ¼ 1370 m �5%ð Þ, ð42:8Þ
which is less than 2% off (higher than) the official tabulated value, i.e., we obtain a
good agreement within the error margins.1,2 Of course, the same result is obtained by
inserting vt from Eq. (42.3) and using Eq. (42.5) instead of Eq. (42.5*). Here, we
have amused ourselves to show that one can infer the unknown length of a tunnel
l from measurements that can entirely be made within a moving train. If (as was
actually the case here) one knows l, one can of course also calculate the theoretical
value of Δt from Eq. (42.1) and compare it to the empirical values from Fig. 42.1.

1More complete error considerations can be obtained from the authors.
2That the experimental value lies above the official value can be understood partly because
reflections of sound waves at the open end occur a bit outside (end correction). The acoustical
length of the tunnel is therefore some meters greater than the physical length.
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To understand the full beauty of Fig. 42.1 requires some refinements (e.g., that a
rarefication wave originates from the train’s rear end), and it also offers some
extensions of the approach presented here (e.g., for other train types) [8].
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Smartphone-Aided Measurements
of the Speed of Sound in Different Gaseous
Mixtures

43

Sara Orsola Parolin and Giovanni Pezzi

Here we describe classroom-based procedures aiming at the estimation of the speed
of sound in different gas mixtures with the help of a plastic drain pipe and two
iPhones or iPod touches. The procedures were conceived to be performed with
simple and readily available tools.

The speed of sound in a gas, at constant temperature, is inversely proportional to
the square root of the gas density [1]. The density of air, helium, and carbon dioxide,
at 0 �C and standard atmospheric pressure, are respectively [2] 1.293, 0.1785, and
1.977 kg/m3. This implies that, at constant temperature, the speed of sound is
different. At 0 �C and standard atmospheric pressure, the values of the speed of
sound are: 331 m/s (in air), 965 m/s (in helium), and 259 m/s (in carbon dioxide) [1].

43.1 Measurement of the Speed of Sound Wave
in Different Gases

The procedure we have devised clearly shows this difference of sound speed in
different gaseous mixtures and requires only two smartphones (with their
applications, here-after “apps”), dry ice, helium, and PVC drain pipes.

We used the app Acoustic Ruler Pro, which is used to measure distances in the air
up to 25 m [3]. In “dual device”mode, the app operates recording the delay of sound
waves emitted from an iPhone, an iPod touch, or an iPad, set as “master,” and
reflected by another, set as a “reflector” (Fig. 43.1).
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The distance d between the two smartphones is given by the product of the speed
of sound in air for half of the time interval1:

d ¼ v
Δt
2

Before performing measurements, the room temperature must be recorded and set.
The application always uses the speed of sound in air to calculate the distance. If

smartphones are immersed in a different gas, you will get different values of the
same distance. If, for example, the gas is less dense than air, sound speed will be
higher. Thus, the sound wave takes less time to travel the same distance, leading to a
distance result estimated by the app that is less than the actual distance. However,
based on the known real distance between the two phones and the speed of sound in
air, the elapsed time can be calculated as

Δt ¼ destimated by iPhone=vair

and used to evaluate the actual speed of sound,

veffective ¼ dreal=Δt:

Fig. 43.1 Apparatus calibration in dual device mode: the “master” and the “reflector” devices are
placed next to one another, with microphones facing each other, leaving a small gap (around 1 mm)
between them, with the volume turned up on both the devices

1The developer of the app reports, for a quiet setting in dualdevice mode, an uncertainty on distance
of �1 cm with a range of 25 m.
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43.2 Experiment Setup

The experiments were carried out with air, with flygas (a mixture of helium and other
gases used to inflate the balloons) and air, and with air and carbon dioxide. The
mixtures were introduced in two stacked plastic pipes, 100 mm wide and 2 m long.
The tubes also had the purpose of reducing the room noise. The enclosures with the
iPhones were fixed inside the tubes by means of self-adhesive VELCRO® brand
fasteners (Fig. 43.2).

Flygas was introduced while keeping the tube inclined and inserting the nozzle of
the gas cylinder into the lower end of the tube, plugging the upper end in order to
maintain the greatest amount of flygas inside the tube. In this way, the helium goes
up through the tube and part of the air flows from the lower end. Since the opening of
the cylinder valve and the flygas filling are very noisy steps (and this would interfere
with the experiment), the valve was closed prior to measurements.

For measurements with carbon dioxide, dry ice was sublimated in a plastic
container inserted into the drain pipe and kept vertical. Air tends to flow from the
top as the air is lighter than the CO2 gas.

The CO2 gas temperature is lower than that of the room, and therefore a
temperature gradient is created within the tube. The temperature, at a distance of
5 cm from the bottom of the tube, was�31 �C, while the temperature of solid carbon
dioxide is �79 �C. To reduce some of this heat shock, we put the reflective iPhone
(the one closest to dry ice) 30 cm far from the top of the ice container (Fig. 43.3).

Fig. 43.2 iPhone attached to
the pipe with VELCRO®
brand fasteners
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43.3 The Measurements

A first set of measurements was carried out when the room temperature was 17 �C.
When the distance between the two iPhones, measured with a flexible metric

ruler, was 140 cm, the app distance readings for the air and flygas mixture are as
reported in the second column of Table 43.1.

The speed of sound in air, upon temperature changes, can be calculated with the
formula [1]

v ¼ 331
m
s
þ 0:6

m
s � �C � ϑ

with ϑ in �C. At the temperature measured when the experiment took place, we
obtain for the speed in the air

v ¼ 331
m
s
þ 0:6

m
s � �C � ϑ ¼ 331

m
s
þ 0:6

m
s � �C � 17 �C ¼ 341

m
s
:

It follows that, in order to cover the distance of 140 cm, the wave takes the time

Δt ¼ Δs
v

¼ 1:40m
341m=s

¼ 4:09 � 10�3 s:

smartphone

dry ice container PVC drain pipe

30 cm 140 cm

200 cm

smartphoneFig. 43.3 Assembly drawing

Table 43.1 Measurements
of the speed of sound in air
and flygas mixture

Measure d (cm) Δt ¼ d/vair (ms) v ¼ Δs/Δt (m/s)

1 99 2.90 483

2 81 2.37 591

3 75 2.19 639

4 70 2.05 683

5 71 2.08 673

6 70 2.05 683

7 86 2.52 556

8 83 2.43 576
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The time taken by the wave to travel the actual 140-cm distance in the presence of
flygas is reported, for the various measurements, in the third column of Table 43.1.
The last column calculates the velocity of the gas.

The average value of the last column is 611 m/s, a result significantly lower than
the speed of sound in pure helium at that temperature (979 m/s). Nonetheless, this
result seems reasonable, considering that the mixture used was not composed of pure
helium; in any case, the result is significantly higher than the speed of sound in air.

With the same experimental setup, a different series of measurements has been
carried out using a gas mixture with carbon dioxide (ϑ ¼ 20 �C). Average values of
speed of sound between 267 and 256 m/s could be measured that are not very far
away from the reference data (v ¼ 265 m/s at ϑ ¼ 15 �C).

43.4 Conclusions

Despite the experimental constraints as noted above, the developed procedure has
the merit to highlight clearly, quickly, and with simple equipment that the speed of
sound varies upon variation of the composition of gas mixture. A lower gas density
leads to a higher speed of sound; conversely, more dense gas mixtures reduce the
speed of the sound wave.

References

1. Halliday, D., Resnick, R., Walker, J.: Fundamentals of Physics, vol. 1, 8th edn. Wiley, Boca
Raton, FL

2. Koshkin, N.I., Shirkevich, M.G.: Handbook of Elementary Physics, p. 45. Mir Publishers,
Moscow (1977)

3. https://ogy.de/acousticruler

43 Smartphone-Aided Measurements of the Speed of Sound in Different Gaseous. . . 255

https://ogy.de/acousticruler


Part VIII
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Measurement of Sound Velocity Made Easy
Using Harmonic Resonant Frequencies
with Everyday Mobile Technology

44

Michael Hirth, Jochen Kuhn, and Andreas Müller

Recent contributions about smartphone experiments have described their
applications as experimental tools in different physical contexts [1–4]. They have
established that smartphones facilitate experimental setups, thanks to the small size
and diverse functions of mobile devices, in comparison to setups with computer-
based measurements. In the experiment described in this work, the experimental
setup is reduced to a minimum. The objective of the experiment is to determine the
speed of sound with a high degree of accuracy using everyday tools. An earlier
chapter proposes a time-of-flight method where sound or acoustic pulses are
reflected at the ends of an open tube (Chap. 41) [5]. In contrast, the following
experiment idea is based on the harmonic resonant frequencies of such a tube,
simultaneously triggered by a noise signal.
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44.1 Theoretical Background and Execution of the Experiments

Standing Waves and End Correction in a Tube

If a sound wave with a constant frequency propagates in a tube with a length L and a
circular cross section with a radius R, it causes standing pressure waves in the air
within the tube. The frequencies fk of the proper modes of the tube open at both ends
are the integer multiples of the fundamental frequency f0 given by:

f 0 ¼ c
2 � Lþ 2að Þ

f k ¼ k þ 1ð Þ � f 0 k ¼ 0, 1, 2, . . .
ð44:1Þ

Here, c is the speed of sound in air and a ¼ 0.61R is the end correction due to the
finite diameter of the tube [6]. It takes account of the fact that the pressure nodes are
situated slightly outside the tube at the open end; thus, the acoustic length is longer
than the geometric length of the tube [7].

In contrast, the modal frequencies of tubes only open at one end are
odd-numbered multiples of another fundamental frequency and given by:

f 0 ¼ c
4 � Lþ að Þ

f k ¼ 2k þ 1ð Þ � f 0 k ¼ 0, 1, 2, . . .
ð44:2Þ

Note that compared to Eq. (44.1) only a and not 2a appears in the end correction, as
there is only one open end (on a closed end, no correction is necessary).

Materials and Methods for Determining the Fundamental Frequency

The cardboard tube around which aluminum foil or paper towels are usually
wrapped is used for the experiments. Many other cylindrical tubes found in
households are also suitable, for example, ballpoint pen tubes or gift wrap cardboard
tubes. Rather than using pure tones, we generate a noise signal by rustling a piece of
paper or blowing at the edge of an opening (Fig. 44.1). The continuous frequency
spectrum causes all resonant frequencies to occur simultaneously. A tube with one
end open is obtained by tightly sealing one end of the tube by hand.

A spectrogram (or sonogram) is used to measure the frequency spectrum
(or sound signal); both can be displayed using the SpectrumView Plus app [8]. In
the app, the audio sample rate is set to 16 kHz and the FFT arrangement is set to
13 (the equivalent of 213 ¼ 8192 samples), enabling us to conduct the experiment
with a frequency resolution of 16 kHz/8192 � 2 Hz. The app Spectrum Analyzer [9]
can be used if working with Android-based smartphones; however, it does not
display spectrograms.
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In the experiments, the respective fundamental frequency is determined using the
overtones. To this end, the harmonics are visually aligned as well as possible with
the equidistant lines provided by the Spectrum View Plus app. Be aware that in the
app settings the button “use fixed frequency axis ticks” is switched on. This way of
determining the fundamental frequency involves examining the resonant
frequencies, which is easy for students to understand. However, this method can
result in random measurement deviations. In our experience, the equidistant lines
provided by the app can be harmonized with the measured resonant frequency bands
with an accuracy of �10 Hz.

44.2 Experiment Analysis

Resonant Frequencies and Determining the Speed of Sound
with the Tube Open at Both Ends

As can be seen in Fig. 44.2a on the left, rustling paper indeed causes a continuous
spectrum. After the noise has passed through the tube, discrete frequency bands can be
detected; their average frequencies correspond to the integer multiples of a fundamen-
tal frequency. For the cardboard tube with a length L¼ 30.5 cm and an opening radius
R ¼ 1.35 cm, the fundamental frequency is f0 ¼ 533 Hz (at a temperature of
approximately 20 �C). Applying Eq. (44.1) for f0, the speed of sound is calculated
to be (343� 9.63) m/s (using the arithmetic law of error propagation withΔf0¼ 10Hz,
ΔL ¼ ΔR ¼ 0.001 m; literature value: c ¼ 343 m/s at a temperature of 20 �C).

Fig. 44.1 Experimental
setup: The noise caused by
crumpling paper generates
standing waves in a tube. The
resonant frequencies are
plotted by a spectrogram
using a smartphone or tablet
PC. Alternatively, the noise
can be caused by blowing at
the edge of a tube
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Resonant Frequencies and Determining Speed of Sound with Tube
Open at One End

One end of the tube is tightly sealed with a hand, while blowing carefully at the edge
of the opening at the other end. In this case, a standing wave is generated in a tube
closed at one end. It can be seen in the spectrogram in Fig. 44.2b that only standing
waves with odd-numbered multiples of the fundamental frequency are generated in
addition to fundamental oscillation. For the same cardboard tube (L ¼ 30.5 cm,
radius R ¼ 1.35 cm), the fundamental frequency is f0 ¼ 275 Hz (at a temperature of
approximately 20 �C). This is inserted in Eq. (44.2) for f0, yielding a value of
c ¼ (345 � 14.73) m/s (using arithmetic law of error propagation; see above).

As an alternative or additional experiment, it is possible to examine the frequency
spectrum that is plotted in the Spectrum View Plus app synchronously with the
spectrogram. An example of this is shown in Fig. 44.3 for an experiment with a tube
closed at one end in which the experimenter blows at the edge of the other end of the
tube (Fig. 44.2b).

A detailed discussion of the possibilities of using spectrograms for acoustical
analysis with mobile devices and the relevant errors is presented in Ref. [10].

Fig. 44.2 (a) Left: Simply rustling a piece of paper generates a continuous spectrum. Right:
Discrete frequency bands after the noise has passed through the tube. (b) Left: Continuous spectrum
of noise produced by blowing. Right: Discrete frequency bands generated by blowing at the edge of
one end of a cardboard tube that is closed at the other end
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Fig. 44.3 Frequency spectrum of the sound radiated when the experimenter blows at the edge of a
cardboard tube closed at one end
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Corkscrewing and Speed of Sound:
A Surprisingly Simple Experiment 45
Lutz Kasper and Patrik Vogt

The first purpose of uncorking a bottle of wine probably is to have good prospect of
culinary pleasure. But if you are a physicist or physics teacher you may have a
secondary interest. Couldn’t it be possible to determine the speed of sound just by
uncorking the bottle and with a little help from a smartphone? Sure, it is. Here comes
the idea.

45.1 Determining the Speed of Sound: A Five-Second
Smartphone Experiment

Most people know well the audible plop noise while opening a wine bottle. So, how
is this ‘plop’ actually caused and on what does it depend? Lastly, what information
can we obtain from this noise?

The process of uncorking a bottle is characterized by friction between the cork
and the inner side of the bottleneck. Furthermore, there is an airflow due to a change
of gas pressure. Those effects generate a multi-frequency noise. From an acoustical
point of view, the bottleneck with the wine level is a one-side-closed pipe (see
Fig. 45.1).

If we consider the bottleneck a resonator like in Fig. 45.1, then we should expect
resonance frequencies. Although we can use freeware computer apps such as
Audacity [1] to measure the frequency spectrum, smartphone apps offer advantages
in terms of mobility (Chap. 41) [2, 3]. Appropriate apps for example are Spektroskop
(iOS) [4] and phyphox (Android and iOS) [5].
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As expected the frequency measurement while uncorking the bottle shows a clear
peak in the FFT diagram (Fig. 45.2). There are oscillating nodes at the closed end of
one-side-closed pipes and antinodes at the open end (Fig. 45.1). For the fundamental
frequency f0, the length L of the resonator corresponds to λ/4 (λ: wavelength). From
this we get

Fig. 45.1 The bottleneck as a
one-side-closed pipe resonator

Fig. 45.2 Resonance frequency when uncorking a wine bottle (app: Spektroskop)
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f 0 ¼ 1
4L

cgas

(L: length of resonator, cgas: speed of sound in the gas).
As a simplification, it is assumed that the residual gas in the bottleneck is

equivalent to air. Although a more exact examination would show an amount of
ethanol as well, an experimental comparison with water-filled bottles can justify this
simplification. Therefore, in the following we will use cair instead of cgas.

However, in another respect we have to include a correction. For more accurate
results, the end-pipe correction ΔL needs to be taken into account (Chap. 41)
[6, 7]. ΔL depends on radius R of the bottleneck:

ΔL ¼ 0:61R

Therefore, the speed of sound is given by

cair ¼ 4 f 0 Lþ ΔLð Þ
The measurement in Fig. 45.2 was performed on a wine bottle with a resonator
length of 6 cm and an inner diameter of 2 cm (R ¼ 0.010 m). By inserting all
parameters in the equation above, we obtain the speed of sound cair¼ 332 m/s. Since
this experiment was carried out at a room temperature of 23 �C, we should expect a
value for the speed of sound c¼ 344.8 m/s [8]. So, the average relative error is under
5%, which is pretty acceptable for this five-second freehand experiment.

45.2 The Experiment for Use in Physics Classroom

Opening wine bottles in a classroom? Perhaps this is not a good idea. Once you have
uncorked a bottle at home—for scientific reasons—you can use the empty bottle for
this experiment too. You can even expand the possibilities by adding cmmarks at the
bottleneck (Fig. 45.3). Now students systematically can vary the resonator length by
filling in water with different levels. Instead of corkscrewing, one can use a wet
finger to generate the plop noise. Moreover, in this version there is no alcohol vapor
anymore and no simplification is needed.

Measurement samples for a water-filled bottle with different resonator lengths are
given in Table 45.1.

The room temperature for this experiment was 24 �C. The theoretically expected
value for the speed of sound in air should be c ¼ 345.6 m/s [8]. Here again, the
average relative error is roughly 5%, which is not bad for this kind of simple
experiment.
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Fig. 45.3 Prepared
bottleneck for
experimentation

Table 45.1 Fundamental
frequency and speed of
sound as a function of res-
onator length
(R ¼ 0.010 m)

L (m) f0 (measured) (Hz) cair (m/s)

0.030 2355 340

0.040 1740 321

0.050 1488 334

0.060 1225 324

0.070 1058 322

0.080 952 328
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A Bottle of Tea as a Universal Helmholtz
Resonator 46
Martín Monteiro, Cecilia Stari, Cecilia Cabeza, and Arturo C. Marti

Resonance is an ubiquitous phenomenon present in many systems. In particular, air
resonance in cavities was studied by Hermann von Helmholtz in the 1850s. Origi-
nally used as acoustic filters, Helmholtz resonators are rigid-wall cavities that
reverberate at given fixed frequencies. An adjustable type of resonator is the
so-called universal Helmholtz resonator, a device consisting of two sliding cylinders
capable of producing sounds over a continuous range of frequencies. Here we
propose a simple experiment using a smartphone and normal bottle of tea with a
nearly uniform cylindrical section, which, when filled with water at different levels,
mimics a universal Helmholtz resonator. Blowing over the bottle, we notice different
sounds are produced. Taking advantage of the great processing capacity of
smartphones, sound spectra together with frequencies of resonance are obtained in
real time.

46.1 Helmholtz Resonator

Helmholtz resonators consist of rigid-wall containers, usually made of glass or
metal, with volume V and neck with diameter D and length L as indicated in
Fig. 47.1. In the past, they were used as acoustic filters, for the reason that when
someone blows over the opening, air inside the cavity resonates at a frequency given
by
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f ¼ c
2π

ffiffiffiffiffiffiffiffi
A
VL0

r
,

where A¼ π � (D/2)2 is the section of the neck. In this expression c is the sound speed
and L' is the equivalent length of the neck, accounting for the end correction, which,
in the case of outer end unflanged, results in L' ¼ L + 1.46a (with a ¼ D/2). Please
see the final note about end correction. The previous expressions are valid provided
that the linear dimensions are smaller than the typical wavelength (L � λ, a � λ,
h � λ) (h is the height of the cavity). A universal Helmholtz resonator is a special
type of resonator in which the volume can be varied, resulting in a range of possible
frequencies of resonance.

46.2 A Smartphone-Based Experiment in Acoustics

There are several examples of physics experiments using smartphones in the field of
acoustics (e.g. Chaps. 41, 43, 44, 47 and 48) [1–7]. In some of them the smartphone
is used as a microphone to digitalize sound or as a source of pure or more complex
sounds (e.g. Chaps. 41 and 48) [1, 2]. An important advantage of smartphones, not
always taken into account, is their capacity to speedily process a lot of information
and, in particular, to obtain sound spectra in real time (Chaps. 43, 44 and 47) [3–7].

To obtain the volume of the cavity, the experiments starts by placing the empty
bottle on a weighing scale and setting it to zero. After that, the bottle is filled with

Fig. 47.1 The tea bottle, with
a nearly uniform circular
section, is suitable for the
present experience and
dimensions: D ¼ 29.0(2) mm
and L ¼ 70(1) mm
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water until the neck (7.0 cm below the opening) and the reading on the scale, in this
case 435 g, indicates the cavity volume, that is, V ¼ 435 cm3.

Next, the bottle is filled with water at different levels. For each water level, the
volume of the air cavity is obtained by subtracting the added water to the total
volume of the cavity. Blowing across the top of the bottle, with the lower lip
touching the edge of the bottle, produces a resonance in the cavity. The Advanced
Spectrum Analyzer PRO app is used to obtain the spectrum in real time and the
highest peak that corresponds to the resonance frequency, as shown in Fig. 47.2. The
“hold” button is useful to freeze the display and write down the frequency. So,
varying the volume of water in the bottle, it is possible to find the relationship
between volume and resonance frequency.

46.3 Results and Analysis

In Fig. 47.3 we show the linearized relationship between the resonance frequency
and the cavity volume; specifically, we plot the f 2 vs. 1/V. Note that corresponding
wavelengths, between 1 and 1.5 m, are much larger than the linear dimensions of the
cavity.

The sound speed c is related to the slope according to

Fig. 47.2 Experimental
setup: the bottle on the scale
and the smartphone displaying
a sound spectrum
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slope ¼ c2A
4π2 Lþ 1:46að Þ :

In our experiment, the sound speed obtained is c ¼ 344(5) m/s, resulting in an
uncertainty of less than 2%. Taking into account that the ambient temperature was
22.3 �C, the value exhibits a great coherence with reference value, 344 m/s, at this
temperature. We note that there are at least a couple of uncontrollable sources of
uncertainties in this experience: the temperature of the blown air is a bit larger than
the ambient temperature and the contour conditions at the opening are modified by
the blow and the proximity of the lips.

To sum up, we presented a very simple experiment using everyday stuff to study
acoustic resonance. This experiment is based on the great processing capacity of
smartphones to obtain real-time spectra. The result obtained for the sound speed is in
concordance with the standard value.

46.4 Note About the End Correction

The inner end of the neck is flanged, so the correction factor is 8/(3π) (according to
Kinsler, Ref. [8]). While the outer end of the neck is unflanged, then the correction
factor is 0.6133 (according to Levine and Schwinger, Ref. [9]). Thus, the total
correction factor for the case of the bottle is the sum of these two factors, that is
1.4621.

Fig. 47.3 Linearized relationship between resonance frequency and air volume: experimental
values and linear fit
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Measuring the Acoustic Response
of Helmholtz Resonators 47
Martín Monteiro, Arturo C. Marti, Patrik Vogt, Lutz Kasper,
and Dominik Quarthal

Many experiments have been proposed to investigate acoustic phenomena in college
and early undergraduate levels, in particular the speed of sound [1–9], by means of
different methods, such as time of flight, transit time (Chap. 40), or resonance in
tubes (Chap. 41). In this chapter we propose to measure the acoustic response curves
of a glass beaker filled with different gases, used as an acoustic resonator. We show
that these curves expose many interesting peaks and features, one of which matches
the resonance peak predicted for a Helmholtz resonator fairly well, and gives a
decent estimate for the speed of sound in some cases. The measures are obtained
thanks to the capabilities of smartphones.
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47.1 Execution of the Experiment

For the experiment we used a typical beaker found in almost all science laboratories,
as shown in Fig. 47.1. The beaker has heightH¼ 0.139 m and radius a¼ 0.040 m. A
similar setup is attainable with simple glasses at home (Fig. 47.2). The beaker was
filled with the gas to be measured, side up if the gas is denser than air or side down if
the gas is lighter than air.

Two smartphones were employed in this experiment. One smartphone near
the beaker was used as a white-noise generator to stimulate the resonant modes in
the cavity (black phone just visible to the left behind the white phone in Fig. 47.2).
The other smartphone was used to record the sound (white phone in Fig. 47.2). Its
location is a delicate matter; it must be placed close to the beaker to obtain a good
signal but care should be taken to not modify the boundary conditions. We obtained
better results when the smartphone protruded slightly into the glass (Fig. 47.2). This
will change (although minimally) the volume and opening area, but the spectrum is
measured with much higher accuracy. The measures of the acoustic response must
be made with apps that perform a fast Fourier transform in real time. For this purpose
we used the app Spektroskop [10] on an iPhone. On Android phones the same can be
done with apps like Advanced Spectrum Analyzer [11] that automatically detect the
peak frequencies.

The acoustic spectral response of the beaker was obtained for air and three other
different gases: oxygen, carbon dioxide, and methane (Figs. 47.3, 47.4, 47.5, and
47.6), showing subtle and interesting spectral differences between the four gasses.
Different features can be appreciated by means of a little theoretical analysis.

First, the acoustic response of the beaker can be understood by thinking of the
beaker as a resonant cavity. The calculus of the normal modes of resonance is

Fig. 47.1 In physics labs with different gases (left: heavier than air; right: lighter than air)
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Fig. 47.2 Investigation with
glasses at home

Fig. 47.3 Frequency spectrum with air
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beyond the focus of this chapter but can be shown that the wavelength is of the order
of 4H, so the normal frequencies in air for this beaker are in the order of 617 Hz
[or 525 Hz in consideration of the end-pipe correction (Chap. 41) [12]]. But in this
contribution we want to see the beaker as a Helmholtz resonator.

Fig. 47.4 Frequency spectrum with oxygen

Fig. 47.5 Frequency spectrum with carbon dioxide
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47.2 Theoretical Background and Experiment Analysis

A rigid cavity with an open neck can be modeled as a mass-spring system, where the
cavity is the spring and the neck is the mass, the so-called “Helmholtz resonator”
(Fig. 47.7). The only frequency of this system is given by [13, 14].

f ¼ c
2π

ffiffiffiffiffiffiffiffiffiffiffi
A

V � L0
r

, ð47:1Þ

where L0 is the effective length of the neck, A is the area of the neck, V is the volume
of the cavity, and c is the speed of sound in the inner gas.

Because a little amount of mass of gas is moving outside the edges of the neck
dragged by the gas inside the neck, the effective length of the neck L0 is slightly
greater than the physical length of the neck L. This end correction depends on the
boundary conditions [12–16]

with an outer end flanged : L0 ¼ Lþ 1:7a, ð47:2aÞ
with an outer end unflanged : L0 ¼ Lþ 1:4a, ð47:2bÞ

where a is the radius of the opening. In our case, the resonator is a cylindrical glass,
then the neck has a real null length L ¼ 0; thus, the effective length must be
expressed completely by the end correction of a flanged border. Moreover, by

Fig. 47.6 Frequency spectrum with methane
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means of this particular geometry, the volume of the cavity is V¼ AH, whereH is the
height of the cylinder. Then, with all that in mind, the resonant frequency is

f ¼ c
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1

1:7aH

r
: ð47:3Þ

We then assume that the best defined peak in the middle region of the spectrum
corresponds to the Helmholtz frequency (Eq. 47.3). So, from this peak, we can
determine the speed of sound, which can be expressed as a function of this frequency
of resonance:

c ¼ 2πf
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1:7aH

p
: ð47:4Þ

Let us call this the measured speed of sound.
In order to compare, remember that assuming that the gas is an ideal gas, the

speed of sound is given by the well-known thermodynamical relation [17]

Fig. 47.7 Helmholtz
resonator
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c ¼
ffiffiffiffiffiffiffiffiffiffiffi
γRT
M

,

r
ð47:5Þ

where γ is the adiabatic index of the gas, R is the universal gas constant
(8.31 J�mol�1�K�1), T is the absolute temperature in kelvin, and M is the molar
mass of the gas.

The resonance frequencies of the best defined peaks in the middle region of the
spectra and the calculated results from Eqs. (47.4) and (47.5) are shown in
Table 47.1 for the aforementioned gases. As can be seen, if we assume that the
best defined peak in the middle frequency regime is centered at the frequency
predicted by the theoretical model for an ideal Helmholtz resonator, then we get
reasonable estimates for the speed of sound in each gas, with the methane case
showing the largest discrepancy with the accepted values.

An interesting extension could consist of employing other gases such as helium or
sulfur hexafluoride, with densities and speed of sound considerably different from
those of air.
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Gas

Measured
resonance
frequency (Hz)a

Speed of
sound:
measured (m/s)

Speed of sound:
reference values
(m/s)

Deviation
(%)

Air
(γ ¼ 1.4,
M ¼ 0.029 kg/mol)

557 � 3 340 � 2 341 0.3

Oxygen
(γ ¼ 1.4,
M ¼ 0.032 kg/mol)

533 � 3 325 � 2 325 0.0

Carbon dioxide
(γ ¼ 1.4,
M ¼ 0.044 kg/mol)

457 � 3 279 � 2 277 0.7

Methane
(γ ¼ 1.3,
M ¼ 0.016 kg/mol)

598 � 3 365 � 2 443 17.6

aThe frequencies were not read from the display, but from the exported data
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Part IX

Other Acoustic Phenomena



Analyzing Acoustic Phenomena
with a Smartphone Microphone 48
Jochen Kuhn and Patrik Vogt

This contribution describes how different sound types can be explored using the
microphone of a smartphone and a suitable app. Vibrating bodies, such as strings,
membranes, or bars, generate air pressure fluctuations in their immediate vicinity,
which propagate through the room in the form of sound waves. Depending on the
triggering mechanism, it is possible to differentiate between four types of sound
waves: tone, sound, noise, and bang. In everyday language, non-experts use the
terms “tone” and “sound” synonymously; however, from a physics perspective there
are very clear differences between the two terms. This chapter presents experiments
that enable learners to explore and understand these differences. Tuning forks and
musical instruments (e.g., recorders and guitars) can be used as equipment for the
experiments. The data are captured using a smartphone equipped with the appropri-
ate app (in this work we describe the app Audio Kit for iOS systems [1]). The values
captured by the smartphone are displayed in a screen shot and then viewed directly
on the smartphone or exported to a computer graphics program for printing.

48.1 Capture and Analysis of Different Types of Sound Waves

Each sound source is examined separately, and an oscillogram and a frequency
spectrum of its acoustic signals are displayed. This is produced by hitting a tuning
fork with a striker, plucking a stringed instrument, blowing into a wind instrument,
or scrunching up a piece of paper. Additionally, the acoustic signal generated by a
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hand clap can also be analyzed. Recording is performed by switching on the iPhone
or iPod touch and opening the appropriate software. The following is a description of
the experiment using an iPod touch equipped with the Audio Kit app. Audio Kit has
a menu at the bottom of the screen (Fig. 48.1) offering a selection of options, so that
the user can select the desired form of representation of acoustic wave analysis, e.g.,
“FFT Spectrum” to display a frequency spectrum or “Scope” to display an
oscillogram.

48.2 Analysis of a Tone

The acoustic signal of a tone can be determined by a sine function, which is
represented in an oscillogram:

y ¼ by � sin 2πftð Þ,

with y ¼ displacement, ŷ ¼ amplitude, f ¼ frequency, and t ¼ time. When, for
example, a tuning fork is hit with a striker, the display set to “FFT Spectrum” shows
a frequency spectrum with one single spectral line (Fig. 48.2), whereas if it is set to
“Scope,” it displays a sinusoidal curve. If, for example, the objective is to determine
the frequency of the tone, a screen shot has to be made of the sinusoidal curve. In
order to determine the frequency, the vibration can either be analyzed directly using
the screen shot on the smartphone or by exporting the data to a computer graphics
program for printing.

Fig. 48.1 Functions of the Audio Kit software
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48.3 Analysis of a Sound

A musical instrument produces a periodic and not a sinusoidal vibration pattern
(Fig. 48.3); this is called a “sound.” A signal of this kind results from a sum of sine
functions that are the integer multiples of a fundamental frequency f1 (principle of
Fourier):

y ¼
X
n

byn � sin 2π f ntð Þ, with f n ¼ nf 1 n ¼ 1, 2, 3, . . .ð Þ:

Fig. 48.2 Frequency of the tone of a 1700-Hz tuning fork

Fig. 48.3 Oscillogram of the sound of a melodica

48 Analyzing Acoustic Phenomena with a Smartphone Microphone 289



A sound is therefore a mix of individual tones whose frequencies are integrated
multiples of the lowest frequency present. The frequency spectrum also includes
harmonics alongside the fundamental tone whose frequencies correspond to integer
multiples of the frequency of the fundamental tone.

If a musical instrument (e.g., a recorder) is played and the sound is, for example,
captured by an iPod touch and Audio Kit, the display set to “FFT Spectrum” will
display a frequency spectrum of a fundamental tone as well as harmonics whose
frequencies correspond to integer multiples of the frequency of the
fundamental tone.

48.4 Analysis of Noise and Impulse

When paper is scrunched up, it makes a noise. Contrary to tone and sound, noise is
not produced by periodic processes. The Fourier analysis conducted by an iPod
touch with Audio Kit produces a continuous spectrum (rustle) when set to “FFT
Spectrum,” which does not distinguish between individual frequencies. Further-
more, it is not possible to identify regularity on the oscillogram (“Scope” setting).

A bang is a sudden mechanical vibration with high amplitude and a short
duration. An example of this is a hand clap. The frequency spectrum of a bang
also does not distinguish between individual frequencies; therefore, the frequency
spectrum produced by Audio Kit set to “FFT Spectrum” displays a similar continu-
ous spectrum to noise.

48.5 Further Information

If the experiment is intended for demonstration purposes, the iPhone display can be
projected using a webcam. In addition to the experiments described in this chapter
the phenomenon of acoustic color can also be explored using a variety of musical
instruments. Acoustic color is influenced by both transient processes and the
harmonics spectrum. Screen shots can be made, printed out, and stuck in pupils’
exercise books in order to keep a record of the results.

Research shows that studying acoustic phenomena with mobile devices
integrated in a more sophisticated instructional setting and combined with more
everyday phenomena [2–4] could also increase learning [5].
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Analyzing the Acoustic Beat with Mobile
Devices 49
Jochen Kuhn, Patrik Vogt, and Michael Hirth

Various examples of how physical relationships can be examined by analyzing
acoustic signals using smartphones or tablet PCs are presented in this book
(Chaps. 12, 43 and 48) [1–3] and have been proven to be helpful for learning such
phenomena [4]. In this example, we will be exploring the acoustic phenomenon of
beats, which is produced by the overlapping of two tones with a low difference in
frequency Δf. The resulting auditory sensation is a tone with a volume that varies
periodically. Acoustic beats can be perceived repeatedly in day-to-day life and have
some interesting applications. For example, string instruments are still tuned with the
help of an acoustic beat, even with modern technology. If a reference tone (e.g.,
440 Hz) and, for example, a slightly out-of-tune violin string produce a tone
simultaneously, a beat can be perceived. The more similar the frequencies, the
longer the duration of the beat. In the extreme case, when the frequencies are
identical, a beat no longer arises. The string is therefore correctly tuned. Using the
Oscilloscope app [5], it is possible to capture and save acoustic signals of this kind
and determine the beat frequency fS of the signal, which represents the absolute value
of the difference in frequency |Δf | of the two overlapping tones.
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49.1 Theoretical Background and Execution of the Experiment

If two sine tones with very close frequencies are played simultaneously, beats are
produced. On the one hand, these beats are easy to produce and their quality can be
easily perceived. On the other hand, oscillograms of beats can be recorded and the
relationship between the output frequency and beat frequency can be analyzed and
quantified.

The acoustic beat is an example of the principle of unimpeded superposition of
sound waves (the principle of superposition). Figure 49.1 illustrates this property for
sine waves with frequencies that are almost equal. At (a) the oscillation amplitudes
add up to a maximum, while at (b) the opposing oscillation amplitudes add up to 0.

The beat frequency of two sinusoids f1 and f2 can be easily deduced using a vector
diagram, assuming that f1 < f2 and 2f1 � f2 hold. At time t0 ¼ 0, both of the
oscillations have the same phase position and the pointers therefore point in the same
direction. After a period of beat TS, the faster pointer with the frequency of f2 just
catches up with the slower one with the frequency of f1 for the very first time. As a
result, the following applies to the phase angle:

Fig. 49.1 Superposition of
overlapping sound
oscillations
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φ2 TSð Þ ¼ φ1 TSð Þ þ 2π⟺2π f 1TS ¼ 2π f 1TS þ 2π

With TS ¼ 1/fS, fS ¼ |f2 – f1| follows.
The perceived tone frequency fW is determined by:

fW ¼ f 1 þ f 2
2

:

To analyze and quantify the physical relationships of an acoustic beat, two defined
sinusoidal acoustic signals need to be produced (and also reproduced for repeated
measures) and then analyzed. In an experiment, three smartphones are therefore
required to analyze the acoustic beat: two of them produce the sine tones with
slightly different frequencies and the third device detects and analyzes the
overlapping oscillation. To produce a beat that is as precise as possible, the
amplitudes of sound pressure of both tones need to be identical at the location
where the sound is detected. For this purpose, the speakers of both smartphones
are positioned at the same distance to the microphone of the sound-detecting device
(Fig. 49.2).

The Audio Kit app [6] sound generator is, for example, suitable for producing the
tones (for Android, e.g., Frequency Generator [7]). This app is opened on two
iPhones or iPod Touches and the volume is set to a maximum both on the app and
the devices. To record the acoustic beat produced by the superposition, a third device
is used with, for instance, the Oscilloscope app. Both of the sound generators
initially play random frequencies and you can perceive the harmony of the tones.

Fig. 49.2 Experimental
setup; the apps used were
AudioKit and Oscilloscope
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Then the frequencies are gradually brought closer together until they reach the
extreme case and are identical. Oscillograms can be recorded and analyzed for
different beats.

49.2 Experiment Analysis

The following oscillogram was produced with sine tones with frequencies of
1000 Hz and 1050 Hz (Fig. 49.3).

Qualitative When you listen to the harmony of the tones produced with
f1 ¼ 1000 Hz and f2 ¼ 1050 Hz, you can perceive a “vibrating” tone. As the
frequencies of the tones become more similar, you hear how the volume of the
tone goes up or down periodically and how the tone itself becomes lower. The more
similar the frequencies, the longer the duration of a period. If both frequencies are
identical, a beat is no longer perceived.

Quantitative By recording the oscillogram of the beat with the suggested
frequencies, we can link the auditory sensation (of “vibrating,” periodically loud
and soft) to the form of the varying amplitude. In addition, the period of the beat can
be determined to be 20 ms, which is the equivalent of a beat frequency of 50 Hz. The
perceived tone frequency fW is analyzed by zooming (“pinch zoom”) into the
antinode and examining the oscillation period captured there. In this case the result
is 0.98 ms, which corresponds to a perceptible tone frequency fW of approximately
1020 Hz, showing more deviation from the theoretical value of 1025 Hz than
expected. To analyze this deviation from the theoretical value and the formula
fS ¼ |f2 – f1| experimentally, a short test series is added (see Table 49.1).

Fig. 49.3 Oscillogram of a beat
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So the means of the beat frequency fs average to 49.92 � 0.27 Hz and the
perceived tone frequency to 1028 � 10.79 Hz, which can be compared to the
theoretical values ( fS,theo ¼ 50 Hz; fW,theo ¼ 1025 Hz).
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Table 49.1 Studying the
beat frequency and the per-
ceived tone frequency

f1 (Hz) f2 (Hz) fS (Hz) fW (Hz)

1000 1050 50.00 1020

49.75 1042

50.27 1036

49.67 1021

1040 39.83 1024

1030 29.92 1011

1020 20.08 1013

1010 10.12 1003
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Cracking Knuckles: A Smartphone Inquiry
on Bioacoustics 50
Andreas Müller, Patrik Vogt, Jochen Kuhn, and Marcus Müller

Cracking (or popping) knuckles (or joints) is an (bio-) acoustic phenomenon of
which most of you are aware (with dislike, in some cases), and some of you may
have wondered where it comes from. We will first give a short explanation, followed
by a smartphone experiment validating a central phenomenon of the sound genera-
tion mechanism.

50.1 Background

Knuckle cracking sounds originate from special kinds of joints between two bones
that have an enclosure (joint capsule) which is filled with a lubricating liquid
(synovial fluid). Examples are fingers, toes, elbows, and knees, all of which you
may have heard producing the sounds we are interested in here. The enclosure and
the liquid within are essential for the sound generation mechanism: When stretching
the joint (either by natural movement or by intentional pull), the volume of the joint
capsule is increased and the pressure inside thus decreased. But the synovial fluid
contains dissolved gas (mainly CO2), just like water does, and a decrease of pressure
on it leads to a partial release of the dissolved gas in the form of bubbles. The bubbles
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are visible in radiographs of joints for some time after the cracking occurs (until
reabsorption in the liquid). In everyday life, this is well known from opening fizzy
drinks; in science, this is described by Henry’s law [1]. The sudden generation of a
bubble in the elastic medium of the synovial liquid leads to oscillations, in other
words, to sound—the one you hear as knuckle cracking [2].

50.2 Experiment

Oscillating bubbles in various liquids are of considerable interest to applied and
fundamental science, from early work to understand the pleasant sounds of running
water [3] to more recent applications [4] such as medical ultrasound techniques or
ocean acoustics, again over a wide range (from habitat research and wildlife preser-
vation to less innocent military purposes). In this strand of research, there is a well-
established relationship between oscillation frequency and parameters of the bubble/
liquid system [3]:

f � 1
2π � r

ffiffiffiffiffi

3p
ρ

r

Minnaert frequencyð Þ, ð50:1Þ

with r being the bubble radius, ρ the density of and p the pressure in surrounding
liquid. This result has the familiar square root of “springiness ( p)/inertia (ρ)”-

-structure of the harmonic oscillator frequency formula f ¼ 1
2π

ffiffiffiffiffiffiffiffiffi

k=m
p

� �

; a simple

derivation can be found in Ref. [5]. (In principle, the polytropic index κ appears
before p in the above equation, but for an isothermic process it is approximately
unity [5]). Solving for r then leads to the basic result of the present experiment:

r � 1
2π � f

ffiffiffiffiffi

3p
ρ

r

: ð50:2Þ

This is the place where the portable physics lab offered by smartphones enters, in this
case provided by the microphone (we used an iPhone 4), sound storage system, and
sound analysis software (app Oscilloscope [6]). With this simple setting, the acoustic
signal of a cracking knuckle in Fig. 50.1 was obtained. One clearly sees the expected
oscillatory behavior, with an initial transient and then a damped oscillation. From the
data in the figure (eight oscillations of 1.5 ms; scale unit is 0.5 ms), one infers a
period of f ¼ 5.3 kHz.

With approximate input data ( f as just inferred; ρ� 1 kg/L, from water; p� some
105 Pa (bars), for ambient conditions), one obtains

r � 0:5mm,

which is of the order of magnitude of the value r � 0.25 mm found in the literature
[7]. The result of a detailed measurement series is shown in Table 50.1. We
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investigated the joint cracking of ten subjects aged between 20 and 30. For each
person an index finger was examined ten times. The computed radii varied between
0.3 and 0.6 mm and with an average of 0.396 (�0.015) mm.

50.3 Comments

In the present discussion about strengths and weaknesses of smartphone science
experiments, an often-heard criticism is that many of these experiments are just
repetitions of measurements already done with conventional means and that they
thus offer nothing really new or interesting. The experiment presented here

Fig. 50.1 Acoustic signal of a cracking knuckle

Table 50.1 Measurement series on knuckle cracking (index finger; 10 measurements/person);
radii according to Eq. (50.2)

Person
Mean frequency
f (Hz)

Standard deviation
SD (Hz)

Mean radius
r (mm)

Standard deviation
SD (mm)

1 8813 2003 0.33 0.08

2 5101 1647 0.59 0.16

3 9372 2689 0.32 0.08

4 8251 2493 0.37 0.12

5 8118 2612 0.38 0.11

6 9532 3132 0.33 0.13

7 8551 2166 0.35 0.14

8 7825 1014 0.36 0.04

9 6658 2686 0.47 0.15

10 6882 2838 0.47 0.17
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contributes, by way of example, a relevant argument for this discussion. While it is
true that the knuckle cracking experiment could be done with usual sound analysis
approaches (e.g., computer based), it is also obvious that it is the mobile and
ubiquitous character of the smartphone version of the experiment that makes it
accessible to many more people [8]. Many students (or schools) may not have the
conventional acoustic analysis equipment, but almost all have a smartphone. Beyond
the given example, the experience of having surprising, interesting science (such as
visualizing and measuring the cracking gas bubbles in your joint) accessible with
one’s own means can spark curiosity and self-confidence to investigate other
scientific phenomena in the surrounding, everyday world. This then truly becomes
“citizen science,” [9, 10] which can be seen as one of the objectives of this volume.
Furthermore, research shows that studying acoustic phenomena with mobile devices
integrated in a more sophisticated instructional setting and combined with more
everyday phenomena [11, 12] can also increase learning [13].

Finally, one of course would like to know whether making knuckles crack is
harmful; for this issue, see Ref. [14]. The bottom line is that our grandma’s
exhortations are not justified: you won’t get arthritis, and even as many as 30,000
or more “cracking events” during a lifetime don’t seem to induce a difference
between the hand that was cracked and another that was not.
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Shepard Scale Produced and Analyzed
with Mobile Devices 51
Kim Ludwig-Petsch and Jochen Kuhn

Contributions in this book describe how smartphones and tablets can be used to
analyze experimental data in physics experiments. This is possible in nearly all areas
of physics—from classical mechanics (Chaps. 10, 27 and 35) [1–3], to thermody-
namics (Chap. 53) [4, 5], electrics (Chap. 56) [6], and radioactivity [7]. While many
examples already showed the analysis of acoustic experiments with mobile devices
(Chap. 12) [8, 9], no psychoacoustic phenomenon has been studied with the
smartphone yet. Nevertheless, acoustic illusions are great starting points for an
intrinsic motivation of learners. One great acoustic illusion, often found in science
centers, is the so-called Shepard scale illusion. This contribution shows how to use
mobile devices to analyze and produce Shepard tones to get a deeper understanding
of the acoustic concepts like tone, sound, pitch and frequency.

51.1 Theoretical Background

A Shepard scale is a series of sounds that, when played in a loop, gives the
impression of an endless rising scale. It is an auditory illusion, first described by
the American psychologist R. Shepard [10] in the 1960s. The individual sounds—
the Shepard tones—are periodical signals, which consist of a set of frequencies: the
fundamental f0 plus the harmonics fn that are powers of two or, in other words,
octaves. The amplitude A as a function of time t is:
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A tð Þ ¼ A0 sin 2π � f 0 � tð Þ þ A1 sin 2π � f 1 � tð Þ
þA2 sin 2π � f 2 � tð Þ þ . . .þ An sin 2π � f n � tð Þ: ð51:1Þ

For a typical Shepard tone, the amplitudes An of the high (e.g. n> 2 in Fig. 51.1) and
low (e.g. n < 2 in Fig. 51.1) frequency harmonics are smaller. This leads to an
ambiguity in the perception of the sounds pitch: the same sound can be perceived as
low-pitched in the first round and as high-pitched in the second round.

As Suits [11] recently described, the distinction between pitch of a sound and
frequency of a sound is important to understand this phenomenon. Many studies
show that the perception of pitch is very individual and dependent on the geographi-
cal region [12, 13].

Fig. 51.1 Spectrogram of two full circles of the Shepard scale (tones played one after
another). Left: phyphox experiment audio spectrum. Shown is the intensity of the frequencies
(white ¼ high, black ¼ low) over the time. The record of the sounds 1 (red) and 5 (green) are
highlighted. The spectrogram confirms that the sound of the buttons stays the same. Right:
Screenshot of the app Shepard Illusion
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In this experiment, students can investigate the number of harmonics of a Shepard
tone and compare their frequencies. Furthermore, it can be tested if the harmonic
frequencies of a tone are multiples by the power of two of the fundamental:

f 0 ¼ 1
2
f 1 ¼ 1

4
f 2 ¼ . . .

1
2
f n: ð51:2Þ

51.2 Experimental Setup

Two mobile devices were used to analyze the Shepard scale illusion. The free
Android app Shepard Illusion [14] was used on one device to produce the
sound—and to explore the illusion. Suits explains how to use audacity on a PC to
produce the sounds. On the other device the free application (iOS and Android)
phyphox [15] was used to analyze the sounds.

To demonstrate and explore the Shepard illusion with the application in the first
step, students can simply push the buttons (1–7, see Fig. 51.1) one after another
clockwise to get the illusion of an endless rising scale—or anticlockwise for an
endless falling scale. In a second exploration, a stunning comparison between button
1 and 5 can be observed. First step: Playing buttons 1 up to 5 (1, 2, 3, 4, 5), and then
alternately 1 and 5, suggests that the pitch of sound 5 is higher than of sound
1. Second step: Playing buttons 5 up to 1 (5, 6, 7, 1), and then alternately 1 and
5, suggests that the pitch of sound 5 is lower than that of sound 1. The illusion of the
endless rising scale lies in the perception: The brain is fooled as the perception of
pitch of the sound is constantly shifted.

To investigate this phenomenon, the second device is used to record and analyze
the Shepard tones. For the analysis the app phyphox was used. It offers the experi-
ment audio oscilloscope, which can be used to visualize the sound and show the
periodicity of the Shepard tone. The phyphox experiment audio spectrum calculates
the fast Fourier transform (FFT) and can be used to analyze the spectra of the
Shepard tones (Fig. 51.2).

What do the Shepard tones look like on an oscilloscope? Are they really tones or
rather a composition of different sinusoidal waves?

51.3 Results

The analysis of the Shepard tones of the app Shepard Illusion confirms that the tones
are a periodical signal that is composited of multiple frequencies (Fig. 51.2 shows
exemplary sound 1). To analyze the components of the different Shepard tones, we
looked at the fast Fourier transform (FFT) of the different tones. The phyphox
experiment audio spectrum records the sound and calculates the FFT.

According to Eq. (51.2), the lowest detected frequency in the FFT of sound 1 (see
Fig. 51.2) is its fundamental f0 (328 Hz). The other peaks in the FFT are nearly exact
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powers of two (656 Hz, 1312 Hz, 2648 Hz, 5273 Hz, 10,546 Hz). This relation can
be shown respectively for the sounds 2–7. For example, sound 2 has as its lowest
frequency 375 Hz, which is a bit more than one whole step above the fundamental in
sound 1. A look at the History tab of the experiment audio spectrum offers the
possibility to record a spectrogram of the Shepard tones. By playing the Shepard
tones one after another, a direct comparison is possible. The spectrogram in Fig. 51.1
shows the composition of the single Shepard tones as well as their correlation: One
round (1–7) of sounds accords to an octave and is perceived as such.

51.4 Discussion

The Shepard illusion is a great and stunning phenomenon. It combines the physics of
acoustics, theory of music, and psychology of perception. The presented experiment
offers various options to investigate the science behind this phenomenon with no
additional material needed.

Shepard illusions had recently been used in many soundtracks for films, as the
illusion of endless rising sounds is a possibility to create tension [16].

Fig. 51.2 Analysis of the waveform of the Shepard tone 1. Left: Screenshot of the app Shepard
Illusion. Buttons 1 and 5 are highlighted. Right: The oscilloscopic representation reveals that the
played notes are not based on a single sinusoidal wave but rather a composition of several
frequencies. These can be identified by looking at the audio spectrum (FFT) of the sound. The
harmonic frequency with the highest amplitude is n ¼ 2
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The Sound of Church Bells: Tracking Down
the Secret of a Traditional Arts and Crafts
Trade

52

Patrik Vogt, Lutz Kasper, and Jan-Philipp Burde

The sound of church bells is part of most people’s everyday life and can easily be
examined with smartphones. Similar to other experiments of this book (Chaps. 47
and 49) [1, 2], we use a suitable iOS app. The underlying physical theory of church
bells proves to be difficult. A reliable prediction of their natural frequencies based on
their exact dimensions is only possible using the finite element method [3]. If you
ask bell founders how they calculate the rib of a bell (half longitudinal section of a
bell, which completely determines the acoustic properties, Fig. 52.1) in order to get a
church bell with the desired frequency spectrum, you will certainly not get an
answer: the art of bell casting is based on centuries of experience and knowledge
of the rib structure is only shared with direct descendants. We want to have a closer
look at these well-guarded secrets, knowing full well that we cannot fully unravel
them. This contribution presents simple mathematical models and a comparison with
a data set of almost 700 bells.
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52.1 Vibration Modes of Church Bells

When the clapper strikes against the inside rim of a bell, natural oscillations ensue.
As with most musical instruments, this leads to numerous vibrational modes.
However, the peculiarity is that the dominant overtones of a bell are not harmonic
in the way that stretched strings are. Instead, the frequency spectrum includes pitches
that go by the names hum, prime (double the frequency of hum), minor third above
that, fifth, and octave (Table 52.1). These intervals, and more, characterize the full,
powerful sound of a church bell. In most bells, the perceived strike note roughly
corresponds to half the octave frequency and thus approximately coincides with the
prime. The root of the frequency spectrum is referred to as the hum, a

Fig. 52.1 Half cross section
(rib) of a bell [4]

Table 52.1 Frequency
ratios in the spectrum of a
church bell [5]

Name
Frequency ratio to prime
Just scale Church bells

Hum 0.5 0.5

Prime 1.0 1.0

Minor third 1.2 1.183

Quint 1.5 1.506

Octave 2.0 2.0

Major third 2.5 2.514

Fourth 2.667 2.662

Twelfth 3.0 3.011

Upper octave 4.0 4.166
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“sub-harmonic” pitch that occurs at half the prime frequency. Its analytical descrip-
tion was an early subject of research in physics, including work by a number of
outstanding scientists such as Euler, Jacques Bernoulli, Chladni, Helmholtz, and
Rayleigh. Generally, they approached the problem by describing bell-like bodies
with significantly simpler geometries, e.g., rings, hemispheres, or hyperboloids [6].

In the next section, we analyze how the hum frequency can be modeled taking
into account the bell radius and how the bell radius can be accurately estimated based
on a measurement of the hum frequency using a smartphone. In order to verify the
new model, a data set with nearly 700 bells, including the hum frequency, bell
radius, and the thickness of the inside rim of the bell was created based on a bell
book of the Archbishopric of Cologne (Germany) [7]. The idea is to use the
extensive experience of bell founders from several centuries to verify and further
improve the mathematical model.

52.2 Frequency-Radius Relationship

The data in Fig. 52.2 clearly show a strong relationship between the frequency of the
hum tone and the radius or mass, respectively. Initially, rather than attempting to fit
this data empirically, we begin the analysis by considering a physically motivated
mathematical model.

The equation used by Apfel [8] to model the frequency of wine glasses is a
relationship we want to apply to bells, although originally devised for
two-dimensional plates bent to a cylinder:

f 0 ¼ νL � d
ffiffiffi

3
p

π � R2
ð52:1Þ

( f0 fundamental frequency, vL is the longitudinal or sound velocity in the material,
d thickness of the cylinder, R radius). For this purpose, we replace the fundamental

Fig. 52.2 Hum frequency as
a function of radius and mass
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frequency f0 by the hum frequency fhum and we take the speed of sound in bronze for
vL into account (vL � 3400 m/s). Furthermore, we also use the relation d/R � 1/7,
which is a result of our own analysis of the data set described in [7]:

f hum ¼ 1
ffiffiffi

3
p � 7 � π

vL
R
: ð52:2Þ

By introducing a correction factor, the deviation of the data from the model can be
reduced to 3.5% on average (Fig. 52.3). We get

f hum ¼ 0:092 � vL
π � R , ð52:3Þ

and as a rule of thumb we obtain

R � 100Hz
f hum

m: ð52:4Þ

52.3 Mass-Radius Relationship

In order to calculate the mass of a church bell from the measured hum frequency, we
need a mass-radius relationship. In 1885 Otte [9] found that the mass M of a bell is
proportional to its radius cubed, as one might expect from scaling arguments alone.
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Fig. 52.3 Frequency estimation using a hollow cylinder model vs the actual bell frequencies
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Based on the data of 700 church bells and the eq.M ¼ c ∙ R3, we empirically find
the relationship

M ¼ 4776
kg
m3 � R3 and ð52:5Þ

M � 4776
kg
m3

100 Hz �m
f hum

� �3

ð52:6Þ

With this empirically found mass-radius relationship, the mass of a church bell can
easily be estimated based on a frequency measurement with an average deviation of
11.7%.

52.4 Result of a Sample Measurement

With the iOS app Spektroskop [10], a measurement of the “Maria Gloriosa” bell of
the Bremen Cathedral (Germany), cast in 1433, was carried out (Fig. 52.4). The bell
has a radius of 0.85 m and a mass of 2500 kg [11]. The results show a good
approximation of the expected frequency ratios. The hum frequency corresponds
to the lowest, large frequency peak at 117 Hz, and the other peaks corresponding to
the various overtones can be found in Fig. 52.4. By inserting the measured hum
frequency of 117 Hz in relationships (52.4) and (52.6), we get a radius of 0.85 m and

500

dB

117

223

0,5 : ≈ 1 : 1,2  :  2       :       3        :       4

287 486 727 1002

1000 1500 f in Hz

Fig. 52.4 Frequency spectrum of the “Maria Gloriosa” bell of St. Peter’s Cathedral, Bremen
(Germany), recorded with the app Spektroskop [10] and visualized with a spreadsheet program
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a mass of about 2900 kg. While the estimate of the bell radius agrees with the
literature value, the mass is overestimated by 16%.
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Part X

Temperature and Heat



Augmenting the Thermal Flux Experiment:
A Mixed Reality Approach
with the HoloLens

53

M. P. Strzys, S. Kapp, M. Thees, Jochen Kuhn, P. Lukowicz, P. Knierim,
and A. Schmidt

In the field of Virtual Reality (VR) and Augmented Reality (AR), technologies have
made huge progress during the last years [1–3] and also reached the field of education
[4, 5]. The virtuality continuum, ranging from pure virtuality on one side to the real
world on the other [6], has been successfully covered by the use of immersive
technologies like head-mounted displays, which allow one to embed virtual objects
into the real surroundings, leading to a Mixed Reality (MR) experience. In such an
environment, digital and real objects do not only coexist, but moreover are also able to
interact with each other in real time. These concepts can be used to merge human
perception of reality with digitally visualized sensor data, thereby making the invisible
visible. As a first example, in this chapter we introduce alongside the basic idea of this
column (Chap. 67) [7] anMR experiment in thermodynamics for a laboratory course for
freshman students in physics or other science and engineering subjects that uses physical
data from mobile devices for analyzing and displaying physical phenomena to students.
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53.1 Theoretical Background

The paradigm experiment for heat conduction in metals can be realized with a
metallic rod, heated on one side while simultaneously cooled on the other [8]. Our
setup allows us to observe the heat flux through the rod, directly on the real physical
object, using a false-color representation. Moreover, additional representations such
as graphs and numerical values can be included as digital augmentations to the real
experiment, allowing for a just-in-time evaluation of physical processes. If the rod is
perfectly isolated, after some equilibration time the system will reach a steady state
with a hot end at temperature T1, a cold end at temperature T2, and a constant spatial
gradient along the rod axis, which allows us to calculate the thermal conductivity
constant of the material according to

λ ¼ L
A T1 � T2ð Þ

_Q,

if the constant heating power _Q and the dimensions, i.e., length L and cross section
A, of the rod are known. Here it is assumed that the full heating power _Q applied to
the warm end of the rod will be removed on the cold end by cooling. If the rod is not
isolated, it moreover is possible to calculate the loss of heat to the environment
according to h ¼ 2AL, using the extracted decline factor α from an exponential fit to
the experimental data [9].

53.2 Experimental Design

Our heat conduction experiment consists of cylindrical metal sample rods with a
length of L ¼ 26 cm and a diameter of d ¼ 5 cm made of aluminum and copper,
respectively (Fig. 53.1b). The sample is heated at one end with a cartridge heater and
cooled at the other by a standard CPU fan. The isolated version moreover has a PVC
insulation layer with a 3-mm slit along the rod, to allow for thermal imaging of the
rod inside (Fig. 53.1c). The temperature data finally are extracted from thermal
images taken with an infrared camera placed in front of the sample. Each pixel of the
image along a fixed line in axial direction yields one temperature value, such that the
whole spatial distribution can be captured by a single shot. The data are then passed
to the Microsoft HoloLens via WiFi, where the visualization is done. In the current
state, an app provides three different representations of the data: false-color image of
the temperature values projected as a “hologram” [10] directly onto the sample
cylinder, numerical values at three predefined points, and a temperature graph as a
function of the position along the rod hovering above the setup, cf. Figure 53.1a. The
user may switch the numerical and graph representation on and off at will; moreover,
it is possible to export the data as a CSV file at any time for later analysis. These
functions can be executed with the help of virtual buttons (cf. the three white squares
in Fig. 53.1a) projected at the right end of the rod, which can be selected by the gaze
and triggered by hand gestures.
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The benefit of the MR experiment setup is the possibility of keeping track of the
real physical devices and representations of the data simultaneously and in real time,
as the representations are continuously updated with new data from the camera. The
false-color representations allow one to experience an otherwise invisible quantity,
like in this case temperature, with human senses, thus extending perception to new
regimes. Furthermore, direct feedback is implemented, such that students get an
immediate impression of effects of the experimental parameters.

53.3 Experimental Results

The exported data can be analyzed using standard instruments like spreadsheet
programs. In the isolated case, the problem reduces to a linear fit of the temperature
graph, yielding the slope and thus, with the help of the constant heating power
_Q ¼ 50 W used in the experiments via (1), the thermal conductivity constant λ.
In our tests (Figs. 53.2(a and b)) the isolated setup yielded a value of λAl¼ (128� 11)
W/(m�K) for the aluminum rod and λCu ¼ (329 � 27) W/(m�K) for the copper rod.
As expected, due to the nonperfect isolation of the samples, these values are
smaller than the reference values found in the literature, λAl,lit ¼ 235 W/(m�K)
and λCu,lit ¼ 401 W/(m�K), as the effective heat flux _Q along the rod is reduced by
loss to the environment.

Fig. 53.1 (a) Experimental setup (non-isolated) with MR experience; augmented representations:
false-color representation of temperature along the rod, numerical values at three points above the
rod, temperature graph. (b) Experimental setup (non-isolated) and user wearing a HoloLens. (c)
Isolated setup
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With the help of the non-isolated rod, the heat transfer coefficient h can be
determined using the exponential decline factor α (Figs. 53.2(c and d)), yielding
hAl ¼ (0.72 � 0.01) W/K and hCu ¼ (2.5 � 0.01) W/K, respectively. These values
are also underestimated for the same reasons; however, compared to hAl,
lit ¼ (1.32 � 0.01) W/K and hCu,lit ¼ (3.05 � 0.01) W/K, where the literature values
for λwere used, they are reasonable regarding the very simple insulation of the setup.

53.4 Conclusion

The MR experimental setup for a thermal flux experiment presented here sheds new
light on an experiment well known in physics laboratory courses. The main focus of
this design is to visualize the invisible and thus to extend human perception to new
regimes, e.g., temperature and heat, thereby strengthening the connection between
theory and experiment. In this realization the MR setting not only has the advantage
of intrinsic contextuality, but also spatial and time contiguity, which is supposed to
support the learning process of the students [11, 12]. Moreover, the just-in-time
evaluation of the data yields the possibility for the students to directly examine the
process itself and the parameter involved, and immediately compare the outcome to

Fig. 53.2 Temperature graph after equilibration and linear fit for an isolated Al rod (a) and Cu rod
(b). Temperature graph after equilibration and exponential fit for a non-isolated Al rod (c) and Cu
rod (d)
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theoretical predictions, which we believe to enhance the links between theory and
experiment. Under that perspective the effort to achieve possibly more exact numer-
ical values for quantities like the thermal conductivity therefore seem to be less
important in this setting. Instead, the technical support during the experimental phase
will give students the possibility to thoroughly examine the relationship between
cause and effect and thus deepen their physical understanding.

Research shows that learning with MR glasses in this topic could reduce cogni-
tive load and increase conceptual understanding [13, 14]. Current developments
extend this idea to other topics which have to be studied further as they show more
contradictory results [15–17].

Support from the German Federal Ministry of Education and Research (BMBF)
via the project “Be-greifen” is gratefully acknowledged [18].
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Smartphones: Experiments with an External
Thermistor Circuit 54
Kyle Forinash and Raymond F. Wisman

This contribution adds a further example to illustrate how to use the headphone port
of a smartphone to receive data from an external circuit, in this case, a simple,
adaptable homemade example for temperature measurement (Chap. 58) [1].1

Temperature is routinely measured by a thermistor in a simple circuit.
Figures 54.1 and 54.2 show such a circuit that can be controlled by an iPod, iPad,
iPhone or Android app. Many physics students are familiar with the usual setup for
this circuit where a dc current is fed to the circuit and the voltage across the
thermistor is monitored [2]. A change in temperature changes the resistance of the
thermistor, which can be recorded as a dc voltage change (such as by an Apple II).

Thermistor resistance, R, is exponentially related to temperature by the equation
R ¼ Ae

B
T , where A and B are constants. Taking a natural log of both sides gives the

linear equation lnðRÞ ¼ ln ðAÞ þ B
T. The constants are determined by calibrating with

a few known temperatures.
To repeat this measurement using the headphone port on an iPhone or iPod

requires just a little more work. Designed for audio, the headphone port filters dc
current inputs and outputs. However, a sine wave with frequency ranging up to
20 kHz can be output by a phone app from the headphone port to serve as input to the
temperature circuit. The amplitude of the returning sine wave output is determined
by the resistance of the thermistor. Only the amplitude of the sine wave varies in
the circuit, not the frequency. The device returns V/V0 in decibels (dB), where V is
the voltage measured between ring three (the microphone input) and the tip of the
headphone jack (Fig. 54.2) and V0 is an internal reference voltage. The output dB
reading is proportional to ln(R) since R ¼ V/i. The amplitude of the circuit output is
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measured through the headphone microphone jack as a decibel (dB) reading by our
phone app [3]. Plotting dB for several independently measured temperatures and
fitting the plot to a straight line gives the constants A and B (which contain the
constant reference voltage V0 and constant current I ). With the constants A and B,
determined from the plot (Fig. 54.3), the circuit is calibrated to measure other
temperatures. To reduce noise due to sampling errors, a software low pass filter is
applied to the peak decibel reading of the returning sine wave as measured over a
short period of time. Programmed with the equation, the app can measure tempera-
ture changes, then email or plot results (Fig. 54.4). The headphone volume control
serves to calibrate for individual circuit differences.

Surprisingly, the thermistor is very sensitive to small temperature changes (air
currents, for example). Encasing the thermistor in something with a little thermal
inertia (for example, the shell of a plastic ink pen) adds some stability to the
measurements.

Fig. 54.1 Measuring
temperature using an external
circuit and iPod

tip 1 2 3

R1

R2 C

headphone jack

thermistor

Fig. 54.2 Circuit diagram for
Fig. 54.1. R1 ¼ 10 kΩ,
R2 ¼ 220 Ω, and C ¼ 0.1 μF.
The headphone jack is a
standard four-pole jack
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Fig. 54.3 As explained in the text, the iPhone returns V/V0 in decibels, dB, which is proportional to
ln(R). The plot is of temperature (in �C) versus peak amplitude L from the thermistor in dB taken for
temperatures, respectively, in the freezer compartment of a refrigerator, in ice water, in the
refrigerator, in an air-conditioned room, outside during the day, and in boiling water

40.49
30.37

35.43
25.31

0.0 8.8 17.6 26.4 35

Time

Start End

Controls Plot

Fig. 54.4 The thermistor app
plotting temperature changes
over time
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54.1 Other measurements

The same thermistor circuit (Figs. 54.1 and 54.2) and app can also be used with other
measurement devices that produce similar resistance change characteristics. For
example, ambient light levels can be measured by replacing the thermistor with a
light-activated photo resistor. As another example, some water sensors act as
variable resistors that are sensitive to humidity. Strain gauges used in force probes
and elsewhere change resistance when subjected to stress. Some types of pressure
gauges signal pressure by a changing resistance. Basically, the circuit and app turns a
phone into a measurement tool that can be used for a wide range of experiments with
a variety of sensors [4].

Although the above examples are for an iPhone, iPad, or iPod, the concepts are
not limited to these particular mobile devices as any smartphone or programmable
device with a headphone could, with appropriate programming, use the same circuit.
Data collection with mobile devices offers a vast potential for science experiments
and is at the same beginning stage that computer data collection was when the Apple
II with a game port was introduced some 40 years ago. As early computers opened a
whole range of scientific experiments to a wider audience and inspired a new
generation of scientists, we feel smartphones and other mobile devices offer compa-
rable possibilities.
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Studying Cooling Curves
with a Smartphone 55
Manuela Ramos Silva, Pablo Martín-Ramos,
and Pedro Pereira da Silva

This contribution describes a simple procedure for the study of the cooling of a
spherical body using a standard thermometer and a smartphone. Experiments
making use of smartphone sensors have been described before, contributing to an
improved teaching of classical mechanics (Chaps. 8, 13, 27 and 29) [1–11], but
rarely expand to thermodynamics (Chaps. 53 and 54) [12–14]. In this experiment,
instead of using a smartphone camera to slow down a fast movement, we are using
the device to speed up a slow process. For that we propose the use of the free app
Framelapse [15] to take periodic pictures (in the form of a time-lapse video) and then
the free app VidAnalysis [16] to track the position of the mercury inside the
thermometer, thus effortlessly tracking the temperature of a cooling body (Fig. 55.1).

The experiment consists of filling a round-bottom flask (five flasks with standard
sizes—50, 100, 250, 500, and 1000 mL—were borrowed from the chemistry lab)
with hot water, placing a mercury thermometer in the opening and taking periodic
pictures of it. The Framelapse app allows the user to set the time interval between
pictures (30 s was found to be a suitable choice) and it is a way of automatically
monitoring a lengthy experiment (ca. two hours for the 1-L flask).

The video is then processed in the smartphone using VidAnalysis. This intuitive
and easy-to-use app requires the setting of the axes, a length scale—which can be
done by using the thermometer scale—and the tracking of the mercury position
through screen touching (Fig. 55.2, right), frame by frame, generating temperature-
vs.-time graphs. The data can then be exported into a CSV file. The file can be further
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Fig. 55.1 Photograph of the
experimental setup

Fig. 55.2 Some of the frames taken during the cooling of the hot water with Framelapse app (left)
and mercury position tracking with VidAnalysis app (right)
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manipulated to allow logarithmization or fitting of the experimental curves directly
in the smartphone using the Google Sheets app (other popular free apps cannot open
CSV files) or in a computer with OpenOffice Calc or MS Excel.

55.1 Newton’s Law of Cooling

The temperature of a hot object placed in a cooler surrounding will slowly decrease
until it matches that of the environment. It decreases by a combination of three
phenomena: conduction, convection, and radiation. The heat flow coming from
conduction and convection depends linearly on the difference of the temperature
of the object and that of its surroundings [17]:

dQ
dt

/ Tobject � Tenv

� �
: ð55:1Þ

On the other hand, the heat flow coming from radiation is ruled by the Stefan-
Boltzmann law, with a dependence on the fourth power of T. The net heat flow from
the object radiation and the surrounding radiation is linearly dependent on ΔT only
for very small temperature differences.

Anyhow, for cases where the radiative processes are not predominant, as the one
discussed herein, Newton’s cooling law can be used to model the system:

Tobject tð Þ ¼ Tenv þ Tobject 0ð Þ � Tenv
� � � exp �t=τð Þ ð55:2Þ

with

τ ¼ Mc=hS, ð55:3Þ
M being the mass of the body, S the surface area, c the specific heat capacity per unit
mass, and h the convective heat transfer parameter.

Figure 55.3 shows the variation of the temperature of our flasks filled with water;
a least-squares fit using a simple exponential (LOGEST function in Google Sheets
app) yields Tenv¼ 25.21(5) �C, Tobject (0) – Tenv¼ 55.72 (4) �C and 3877(8) s for the
decay time constant.

55.2 Linear Dependence on M/S Quotient

By applying logarithms on both sides of Eq. (55.2), a linear dependence is obtained:

ln Tobject � Tenv
� � ¼ Tobject 0ð Þ � Tenv

� �� t=τ: ð55:4Þ
A fit of the plotted data (using the LINEST function) yields the slope value, that is,
the reciprocal of τ. On its own, τ depends on four parameters (Eq. (55.3)): c is kept
constant and h is also approximately constant (since the conditions of the experiment
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were kept as close to each other as possible: a fan at medium speed was kept in a
corner of the room to keep the ambient air conditions as similar as possible in all the
runs) [18]. The other two parameters, M and S, were changing in the five performed
runs. Their quotient depends only on the radius of the outer surface:

M
S
¼ ρ 4

3 πR
3

4πR2 ¼ ρ
3
R, ð55:5Þ

where ρ is the density of water and R is the radius. The τ values obtained using this
procedure are summarized in Table 55.1 and plotted in Fig. 55.4.

The slope of the τ vs. M/S linear fit (with R2 ¼ 0.99) yields the constant
c/h ¼ 244.6 m2s/kg, or using c ¼ 4.186 J/(g � �C), one gets h � 58 W/(m2��C),
which is in the expected range according to Ref. [17]. h is dependent on the
geometry, flow orientation, surface roughness, and combination of material/fluid.

The proposed experiment can be useful for the introduction of exponential
functions at introductory levels, and can easily be changed to investigate the heat
capacity of materials by letting blocks of different materials cool in air or water [19–
21]. Since the procedure can readily be adapted to allow the simultaneous tracking of
several thermometers, it may also prove useful for investigating the cooling of a
nonhomogeneous body (e.g., simulating the estimation of the time since death of a
human body [22], if our students are CSI fans!). This experiment benefits from the
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Fig. 55.3 Plot of decay of
water temperature as a
function of time for the five
round-bottom flask

Table 55.1 Mass, outer
surface, and decay constant
values for the five runs

Flask M (kg) R (cm) S (m2)
M/S
(kg.m�2) (s)

#1 0.056 2.45 0.0075 7.42 1294.46

#2 0.115 3.13 0.0123 9.37 1509.87

#3 0.275 4.25 0.0227 12.12 2159.60

#4 0.530 5.25 0.0346 15.30 2983.80

#5 1.052 6.75 0.0573 18.37 3926.34
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small size and portability of the setup, from running autonomously once set (freeing
both students and teachers to other tasks) and from using a device that students bring
voluntarily to class (although a sophisticated camera plus a computer can replace the
smartphone). Profiting from the above characteristics, more complex experiments in
non-ambient conditions (e.g., inside a fridge) can also be envisaged.
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Real-time Visualization of Electrical Circuit
Schematics: An Augmented Reality
Experiment Setup to Foster
Representational Knowledge
in Introductory Physics Education

56

Luisa Lauer, Markus Peschel, Sarah Malone, Kristin Altmeyer,
Roland Brünken, Hamraz Javaheri, Orkhan Amiraslanov,
Agnes Grünerbl, and Paul Lukowicz

Empirical research has shown that augmented reality (AR) has the potential to
promote learning in different contexts [1, 2]. In particular, this has been shown for
AR-supported physics experiments, where virtual elements (e.g., measurement data)
were integrated into the learners’ visual reality in real-time: compared to traditional
experimentation, AR reduced cognitive load [3] and promoted conceptual learning
[4, 5]. Drawing upon previous work [6], we present an AR-supported experiment on
simple electrical circuits that allows for real-time visualization including
highlighting of electrical circuit schematics using either smartglasses or tablet
computers. The experiment addresses students in introductory physics education
and holds the potential to provide visual assistance for complex electrical circuits in
secondary or higher physics education.
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56.1 Theoretical Background

Representational competencies—the ability to use different domain-specific
representations and to effortlessly switch between them—is considered an important
skill in science instruction that is closely related to the acquisition of conceptual
knowledge [7]. However, in introductory physics education, the use of symbolic
representations for electrical circuits can evoke difficulties and thus lead to learning
impairment, especially when the spatial arrangement of the circuit components does
not resemble the clear structure of the corresponding circuit schematic [8]. The
subsequently presented experiment may facilitate the introduction to electrical
circuits for students in lower physics or even primary science education and improve
their future conceptual learning.

56.2 Experiment Setup

We use the Microsoft HoloLens [9] as smartglasses (Fig. 56.1) and a Samsung
Galaxy [9] tablet computer (Fig. 56.2) to supplement the students’ field of view with
real-time visualizations of electrical circuit schematics corresponding to actual
circuits (or parts of circuits) in order to augment the students’ perception of real
objects with their correct symbolic representation. As the smartglasses are securely
mounted on the students’ heads (Fig. 56.1) and the tablet computer is fastened with a

Fig. 56.1 A student building a circuit with the HoloLens setup using battery (a), cables (b), light
bulb (c) and switch (d)
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bracket (Fig. 56.2), the students can build and modify the circuits with their hands
free and experience the immediate adaption of the AR-circuit schematic.

An application specifically developed for this purpose displays the circuit sche-
matic symbols above single circuit components as well as full schematics of
electrical circuits and allows the circuit schematic to successively assemble in real-
time with the construction of the electrical circuit (Figs. 56.2 and 56.3). To
strengthen the cognitive association between the component and its symbolic repre-
sentation, each time a certain component is touched or slightly moved, the
corresponding AR-schematic symbol is highlighted (Fig. 56.2). To implement the
described real-time adaption of the AR-visualization, we integrated a cable identifi-
cation system into the circuit components as suggested in previous work [5] and a
touch/movement sensor system that both transmit data to the AR-application via a
wireless network connection.

A combination of RFID tracking and marker-based tracking installed in the
circuit components enables the displayed circuit schematics or symbols to follow
the position of the components; while the RFID tracking localizes the horizontal
position of the components in relation to a reference array mat, the marker-based
tracking improves the vertical localization, e.g., when students lift the components
from the table.

Fig. 56.2 A student exploring the tools while building an electrical circuit with the tablet setup.
Once a tool is touched, the corresponding circuit symbol is highlighted
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Fig. 56.3 Snapshots from the HoloLens during a successive circuit assembly: (a) Virtual circuit
symbols are displayed above the single circuit components. (b) As components are connected, a
virtual circuit schematic assembles. (c) As a full circuit is set up, the virtual circuit schematic adapts
accordingly
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56.3 Experiment Procedure

The experiment consists of two phases. In the familiarizing phase, the students are
introduced to the circuit components, their purpose in an electrical circuit, and their
circuit symbols displayed by AR. Likewise, they are accustomed to the touch-
highlighting of the AR-circuit symbols and the merging of symbols into a circuit
schematic when components are connected.

During the subsequent work phase, the students are guided to build several simple
electrical circuits using cables, light bulbs, and a switch while seeing the
corresponding real-time AR-circuit schematics.

56.4 Outlook on Further Developments

The presented AR experiment allows for encountering learning difficulties
concerning simple electrical circuits in introductory physics courses from primary
to secondary education. By adapting the hard- and software for detection and
visualization of parallel circuits, the experiment could be used in the curriculum of
electrical circuits in physics education from introductory level up to higher courses.
Moreover, the AR-highlighting function holds potential for easing the understanding
of highly complex electrical circuits, which may be beneficial for conceptual knowl-
edge acquisition, especially for secondary or higher physics education.
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Augmenting Kirchhoff’s Laws: Using
Augmented Reality and Smartglasses
to Enhance Conceptual Electrical
Experiments for High School Students
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Paul Lukowicz, Frederik Lauer, Carl Rheinländer, and Norbert Wehn

During the last decade the development of modern digital media such as
smartphones and tablet computers has enabled new experimental possibilities in
STEM education. Besides these now nearly ubiquitous devices, the fields of virtual
reality (VR) and augmented reality (AR) also made huge progress [1] and reached
education [2, 3]. In this chapter we introduce an AR experiment alongside the basic
idea of iPhysicsLabs-column [4] and following prior work [5–7]. In the experiment
high school students use smartglasses and real-time measurement data to study
Kirchhoff’s circuit laws in electrical DC circuits.

57.1 Theoretical Background

(a) Kirchhoff’s first law: The total current as the sum of linear superposed single
currents meeting at a node is zero.
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This superposition respects electrical current as a signed quantity according to the
flow towards or away from the node. It is based on the principle of conservation of
electric charge and the repulsive Coulomb forces originating from the charges. It can
be stated as

I total ¼
Xn
k¼1

Ik ¼ 0,

with n representing the total number of branches.

(b) Kirchhoff’s second law: The total voltage as the sum of all (signed) electrical
potential differences around any closed network is zero.

This law requires the directed measurement of voltages and is based on the principle
of conservation of energy. Similar to (a), it can be stated as

Utotal ¼
Xn
k¼1

Uk ¼ 0,

with n as the total number of (signed) voltages measured.

57.2 Experiment Setup and Procedure

We use the Microsoft HoloLens [8] as AR smartglasses to merge human perception
of reality with digitally visualized real-time sensor data into the user’s field of view.
Thus, we obtain spatial and temporal contiguity between reality and its
representations to reduce a spatial and temporal split of the learner’s attention
while performing the experiment [9]. To do so, we enhance common experimental
boxes with sensor modules that contain digital current and voltage meters, a
processing unit, and a wireless interface to transfer the sensor data in real time to
the smartglasses. There, the data are processed into different representational forms
(e.g., line graphs, bar plots, numerical values, etc.) that are presented on the device’s
transparent displays. Using visual markers on the sensor boxes, these visualizations
can then be spatially pinned to the corresponding box. Still having the hands free, the
learner can continue to manipulate the experimental setup and immediately see the
consequent measurement data without breaking the experimental flow by iteratively
measuring isolated data points.

Equipped with this AR system and the enhanced experimental equipment, the
students study Kirchhoff’s circuit laws in two steps:

(a) First, they connect three different electrical resistors according to given sche-
matic diagrams to get first impressions on how to conduct these experiments and
to be focused on the differences between sequential and parallel setups
(Fig. 57.1(a and b)).
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(b) Given four different resistors, students then are able to evaluate the concepts
they built up in part (a) by comparing their expectations with the measurement
data from more complex, self-designed circuits (Figs. 57.2(a and b)). This might
lead to conflicts with their predictions and a reconsideration of the already built-
up mental models. Thus, students are engaged to explore Kirchhoff’s laws by
creating their own experiments and probing their hypotheses.

57.3 Results and Outlook

Once a circuit is closed by the students, the sensor data are visualized in their field of
view via the smartglasses; meanwhile, they can choose whether electrical current or
voltage is displayed. Currently, the data are presented as numerical values or as an
amplitude of a virtual pointer instrument to allow quantitative as well as qualitative
analysis of the circuits. Furthermore, the students can focus on the conceptual
evaluation of electrical circuits without the need to perform a repetitive measurement
while still working with real setups and data.

In the next step, each box will be equipped with an RFID reader in its bottom,
which allows us to locate the sensor boxes on an array of RFID tags under the surface
of the table. With this, the system can spatially pin the correct visualizations to the
corresponding box without the need for distracting visual markers. Furthermore, we
will add a cable identification system to the experimental boxes, revealing their
interconnections. To do so, we use modified connectors for the cables (like those

(a)

(a)

(b)

Fig. 57.1 Introductory part of the experiment: (a) schematic diagram, (b) view through the
smartglasses
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from stereo headphone jacks), devoting one connection to the electrical circuit and
the other two to the identification system. Each connector is equipped with a specific
unique resistor between the identification pins to be separated from other cables.
Using this information, we are able to highlight errors in the experimental setup and
guide the students through complex circuits. In addition, we can visualize common
model representations as additional simulations according to the real-time data (see
Fig. 57.3).

Finally, the usage of the whole tool kit as an assisting system for explorative
learning settings could be a big step towards addressing common misconceptions in
electricity. While research shows that learning heat conduction with AR
smartglasses in this topic could reduce cognitive load and increase conceptual
understanding [6–11]. Current developments extend this idea to other topics which
have to be studied further as they show more contradictory results [12, 13].

(a)

(b)

Fig. 57.2 Advanced part of the experiment, view through the smartglasses: (a) schematic diagram,
(b) visualization as a pointer instrument
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Smartphones as Portable Oscilloscopes
for Physics Labs 58
Kyle Forinash and Raymond F. Wisman

Given that today’s smartphones are mobile and have more computing power and
means to measure the external world than early PCs, they may also revolutionize data
collection, both in structured physics laboratory settings and in less predictable
situations, outside the classroom. Several examples using the internal sensors available
in a smartphone were presented in earlier chapters in this book (Chaps. 6 and 67)
[1, 2]. But data collection is not limited only to the phone’s internal sensors since most
also have a headphone port for connecting an external microphone and speakers. This
port can be used to connect to external equipment in much the same way as the game
port on the early Apple II was used in school labs. Below is an illustration using the
headphone port to receive data from an external circuit: smartphones as a portable
oscilloscope using commercially available hardware and applications.

Plugging an oscilloscope probe, offered by the German company HMB-TEC [3],
into the headphone port and downloading software available from several sources
[4], turns an iPhone, iPad [5] or Android device into an oscilloscope. Fig. 58.1 shows
the probe and SignalScope software in action. Any sound analysis app that allows
input from the microphone jack and shows the raw signal will work.

The use of the headphone port does impose limitations on oscilloscope
measurements. Although the audio hardware in most mobile devices is designed
for sample rates as high as 44.1 kHz, the audio port frequency response range for
earlier iPhones is between 100 Hz and 8 kHz. The iPhone 3G and later models have a
fairly flat frequency response between 10 Hz and about 20 kHz, and can accept up to
a 5-V signal (although lower voltages are recommended). A further limitation of
using an iPhone as an oscilloscope is that, unlike an oscilloscope that allows dc and
low frequencies to be measured, the iPhone uses ac coupling to connect to the
microphone. This means that low frequencies are filtered, which will distort a square
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wave signal somewhat. However we found that sine waves up to at least 12,000 Hz
are accurately represented without distortion on an iPhone 3GS and iPhone 7.

As a trial experiment we used the iPhone and oscilloscope app to determine the
resonance frequency of a standard series combination of an inductor, resistor, and
capacitor (LRC). The circuit (Figs. 58.1 and 58.2) has a 25-mH inductor, a 1000-W
resistor, and a 0.1-mF capacitor in series driven by a sine wave generator. Figure 58.3
shows a graph of the amplitude of the signal, measured by the iPhone, across the
resistor as a function of frequency.

The resonance frequency

f ¼ 1
2π

ffiffiffiffiffiffi
1
LC

r

is about 3200 Hz. SignalScope is actually a bit easier to use than an oscilloscope
because there are cross hairs that can be used to pick out a data point, the value of
which appears on the screen.

SignalScope can be calibrated to an external source (for example a set voltage)
and set to appropriate units (since the port was designed to work with a microphone,
the default vertical scale unit is the pascal). The time scale can be set between 0.1 ms
and 500 ms by a two-finger pinch-to-expand command; the amplitude scale is

Fig. 58.1 iPhone as
oscilloscope using the
SignalScope app. The
oscilloscope probe is plugged
into the iPhone headphone
port and connected across a
resistor in a series LRC circuit
driven by a sine wave. The
circuit elements are a 1000-Ω
resistor, a 25-mH inductor,
and a 0.1-μF capacitor

Fig. 58.2 Circuit diagram for
Fig. 58.1. The oscilloscope
probes are placed across the
resistor
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adjusted similarly. Screenshots can be saved as pictures and a trigger mode captures
transient voltages. A real-time fast Fourier transform option has several choices of
windowing, averaging, and frequency resolution (Fig. 58.4). The vertical axis can be
logarithmic or decibel. The SignalScope Pro 2020 version adds the options of saving

Fig. 58.3 Voltage versus frequency taken from SignalScope on the iPhone across the resistor of an
LRC circuit driven by a sine wave at different frequencies. Resonance occurs at 3200 Hz

Fig. 58.4 SignalScope app screenshot of the fast Fourier transform (FFT) of a triangle wave of
750 Hz from a wave generator
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raw data in spreadsheet format (for later analysis), a signal generator, sound level
meter, and other useful features.
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The Flashing Light Bulb: A Quantitative
Introduction to the Theory of Alternating
Current

59

Patrik Vogt, Stefan Küchemann, and Jochen Kuhn

In this book several previous chapters focused on mechanics experiments that can be
analyzed using a mobile video motion analysis (Chaps. 3, 11, 13, 27 and
36) [1–5]. However, the use of this method is also possible in completely different
areas, which is the focus of this contribution.

Based on a high-speed recording of an incandescent light bulb, which shows
periodic fluctuations in the brightness that cannot be perceived by the eye under
normal conditions, the question is raised regarding the origin of these fluctuations.
Here we show that the AC voltage of the power grid is the cause for these
fluctuations, and careful observation allows a determination of the power line
frequency [6]. Since the brightness of an incandescent lamp in a simple resistive
circuit is independent of the direction of the current, the bulb is equally bright
whether the voltage is positive or negative. Therefore, to calculate the power line
frequency, the determined flashing frequency must be halved (Fig. 59.1).

59.1 Why Alternating Voltage and Determination of the Power
Line Frequency?

The main reason that alternating voltage is used in power grids for energy transmis-
sion is the transformability of the voltage. In order to avoid heat loss, the voltage of
long-distance lines is transformed to high values. In common households, however,
a significantly lower and less dangerous voltage is used. If there is a need for a higher
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voltage in a household, the voltage can be transformed using electrical transformers.
The power line frequency in most parts of the world is 50 Hz and in Northern
America it is 60 Hz (Fig. 59.2). The frequency value is not arbitrary, but follows
several criteria:1 Higher frequencies allow smaller transformer cores (lighter and
cheaper), but they also produce larger conduction losses due to the skin effect and
cause larger phase shifts as the frequency is directly related to the number of
rotations and poles of generators and motors (increase of centrifugal forces). There-
fore, the choice of 50 or 60 Hz is a compromise of various factors.

Fig. 59.1 Relationship between voltage and brightness (for a frequency of 50 Hz)

Fig. 59.2 Worldwide distribution of the power line frequency (Wikipedia, https://ogy.de/
ACVoltage)

1
“Netzfrequenz”, Wikipedia, https://de.wikipedia.org/wiki/Netzfrequenz
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59.2 Procedure

The investigated experiment has already been described in Ref. [7], but the authors
used a digital camera with a frame rate of 1000 fps. In this work, we used a
conventional smartphone, which allows students to perform the experiment at
home without the need for additional equipment. New smartphone models typically
feature a high-speed recording mode but the maximum frame rate is often limited to
240 fps. The significantly lower number of frames per second in comparison to the
experiment in Ref. [7] requires an additional reduction in the playback speed for
video analysis. This can easily be done directly in the smartphone using free apps.

In this experiment, we record an incandescent lamp (alternatively, LED lamps can
be used if they are not operated via a stabilized DC voltage) in slow-motion mode
(Fig. 59.3 for a snapshot). The frame rate was set to the maximum value of 240 fps in
the device settings of the iPhone 6 s used here.

59.3 Analysis and Results

When recording at 240 fps, the playback speed is 1/8 of the actual process speed.
Here, the periodic changes in brightness are already clearly visible but they are still
too fast for a quantitative evaluation. Therefore, we further reduce the playback
speed with an appropriate app. In the example measurement described here, the
application VivaVideo2 was used for this purpose. The app allows a reduction of the
playback speed by a factor of 0.25. The output video was saved and its playback
speed was additionally reduced by a factor of 0.25. Consequently, the actual process

Fig. 59.3 Filming an incandescent lamp in slow-motion mode

2https://ogy.de/iOSVivaVideo (iOS), https://ogy.de/VivaVideoAndroid (Android).
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is 128 times faster compared to the playback speed of the slow-motion video.
Finally, the slow-motion video was cut to a length of exactly one minute, which
implies that the displayed process takes 60/128 � 0.47 s in real time (Fig. 59.4).3 In
this video, the lamp lights up 47 times, which results in an actual blinking frequency
of 100 Hz (¼ 47/60 � 128 Hz) and a power line frequency of 50 Hz, corresponding
exactly to the frequency of the European power grid. Since the filament always
“afterglows” a little, the lamp does not turn off completely. However, a complete
turn off can be achieved using a light-emitting diode that is connected to a
non-stabilized DC voltage source and operated slightly above the threshold voltage.4

59.4 Summary

The experiment described in this chapter shows that video motion analysis could not
only be used to described movements of objects but also in completely different
areas. The analysis of periodic fluctuations of a light bulb can be used as an
introduction to the theory of alternating current. For students, the flashing of the
light bulb might be surprising at first and it can only be explained by a periodically
changing voltage. The use of smartphones as experimental tool can be helpful during
learning. As research shows, learning with mobile video analysis could increase
conceptual understanding [8, 9] while decreasing irrelevant cognitive effort and
negative emotions [8, 10].

Fig. 59.4 Two snapshots taken from the video (left at maximum brightness, right at a lower
brightness level)

3The video “flashing light bulb” starts at maximum brightness and then shows the bulb lighting up
47 more times; https://ogy.de/chap59-video1
4The video “LED” shows a blinking LED recorded via Casio EX-ZR400 (1000 fps); https://ogy.de/
chap59-video2
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Observation of the Magnetic Field using
a Smartphone 60
Yasuo Ogawara, Shovit Bhari, and Steve Mahrley

When measuring the magnetic field using a sensor in a smartphone, one can choose
from several applications [1–3] with useful graphical interfaces. For my first
endeavor, I tried to locate the magnetic field sensor (MFS) in my smartphone
SC-04D. I was able to find plenty of pictures on the internet of my phone dismantled,
but none of them helped me locate the MFS. I did not want to risk dismantling my
own phone, so I used a piece of weakly magnetized iron and found a point where the
magnetic field reading was the highest (188 μT) with the application Sensor Box for
Android [4]. I then assumed the sensor was just below the surface of that point
(Fig. 60.1). In an earlier paper [5], Silva introduced readers to the app 3D Compass
and Magnetometer [6] and “Relative Mode,” which can be used to “zero out”
background noise such as geomagnetism. Some [7] similar applications available
record data that can be exported as a CSV file and can be analyzed usingMS Excel or
other spreadsheet programs.

60.1 Magnetic Field of a Circular Electric Current

The magnetic field of a long straight wire can be measured using a compass, but it is
not so easy to measure the magnetic field produced by a circular electric current.
However, utilizing my smartphone made it somewhat easy with the application 3D
Compass and Magnetometer [8] (Fig. 60.2).
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The following,

B ¼ μ0
I
2r

and

Fig. 60.1 Finding the location of the magnetic field sensor

Fig. 60.2 Measuring the magnetic field of a circular electric current
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B ¼ μ0
Ir2

2 r2 þ z2ð Þ3=2
,

is the accepted theory [9] to calculate the z-component of the magnetic field of a
circular electric current, at its center and on its axis, respectively.

60.2 Results

When I used the radius of the circular current to be r¼ 0.08 m and the distance from
its center to the sensor to be z as in Fig. 60.2, I obtained the measurements shown
here (Table 60.1 and Figs. 60.3 and 60.4). Even though the circle I made was not
exact and the current-carrying wires next to the circle (and a power supply) likely

Table 60.1 Electric Current and Measurements of the magnetic field

z ¼ 0 m z ¼ 0.07 m

Theory Measure ments Theory Measure ments

I (A) B (μT) B (μT) B (μT) B (μT)
0 0 0 0 0

0.5 3.9 3.9 1.7 1.9

1.0 7.9 7.9 3.3 3.2

1.5 11.8 11.5 5.0 4.5

2.0 15.7 15.1 6.7 6.3

2.5 19.6 19.0 8.4 7.9

r = 0.08 m, z = 0 m
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Fig. 60.3 Theory line and measurements with standard error (r ¼ 0.08 m, z ¼ 0 m)
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produced non-constant interfering magnetic fields, these measurements agreed very
closely with theory, especially for small currents.

One might speculate that the reason for the relatively good agreement with theory
is attributable to the relatively small size of the MFS when compared to a compass.
In my 12th-grade physics class, all students conduct an experiment in a laboratory to
measure B around a straight current-carrying wire. Every year, a significant error is
observed when the compass is near the wire because the compass tip is still rather far
from the wire. Using the MFS instead of the compass should be effective in this case.
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California State University Fullerton as a visiting scholar. Yasuo appreciates Dr. Michael Loverude
with respect to have accepted and mentioned some important points in physics education.

Reference

1. https://ogy.de/sensorboxandroid
2. https://ogy.de/3dcompassmagnetometer
3. https://ogy.de/sensortesterapk
4. https://ogy.de/sensorboxandroid
5. Silva, N.: Magnetic field sensor. Phys. Teach. 50(372) (2012)
6. https://ogy.de/3dcompassmagnetometer
7. https://ogy.de/sensortesterapk
8. https://ogy.de/3dcompassmagnetometer
9. http://hyperphysics.phy-astr.gsu.edu/hbase/magnetic/curloo.html

r = 0.08 m,  z = 0.07 m

-2

0

2

4

6

8

10

12

0 0.5 1 1.5 2 2.5 3

I (A)

B 
(µ

T)

Fig. 60.4 Theory line and measurements with standard error (r ¼ 0.08 m, z ¼ 0.07 m)

360 Y. Ogawara et al.

https://ogy.de/sensorboxandroid
https://ogy.de/3dcompassmagnetometer
https://ogy.de/sensortesterapk
https://ogy.de/sensorboxandroid
https://ogy.de/3dcompassmagnetometer
https://ogy.de/sensortesterapk
https://ogy.de/3dcompassmagnetometer
http://hyperphysics.phy-astr.gsu.edu/hbase/magnetic/curloo.html


Magnetic Fields Produced by Electric
Railways 61
Martín Monteiro, Giovanni Organtini, and Arturo C. Martí

We propose a simple experiment to explore magnetic fields created by electric
railways and compare them with a simple model and parameters estimated using
easily available information. A pedestrian walking on an overpass above train tracks
registers the components of the magnetic field with the built-in magnetometer of a
smartphone. The experimental results are successfully compared with a model of the
magnetic field of the transmission lines and the local Earth’s magnetic field. This
experiment, suitable for a field trip, involves several abilities, such as modeling the
magnetic field of power lines, looking up reliable information, and estimating
non-easily accessible quantities.

61.1 Electromagnetic Fields

We live surrounded by electromagnetic fields covering all ranges of spatial and
temporal scales. Most of them are difficult to measure or even to detect. Notable
exceptions are static or quasi-static magnetic fields, which can be detected or
measured with a compass or with a smartphone sensor. In the past, smartphone
experiments were proposed using small currents (Chap. 62) [1–3], magnets [4, 5],
and the Earth magnetic field [6]. The other example, not so obvious, consists in the
magnetic fields produced by power electric currents. Most of the power systems are
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based on alternating currents (AC), 50 Hz or 60 Hz, and, as a consequence, the
created magnetic fields are difficult to measure. However, some railway electrifica-
tion systems are powered by direct currents (DC) and thus the magnetic field
produced by overhead lines (also known as catenaries) can occasionally be
measured. In this work, we propose the analysis of the magnetic field produced by
electric railways near Rome.

61.2 The Experiment

Modern smartphones usually possess built-in magnetometers that have been
employed in several physics experiments [1–6]. The experiment proposed here
was performed outdoors in a peaceful place near Rome. A pedestrian walking on
an overpass above the tracks of the railways (shown in Fig. 61.1) registers the
magnetic field with her/his smartphone. At that moment, no train was in the vicinity
and no other vehicle was passing by. While the experimenter was walking at nearly
constant speed (� 1 m/s) the smartphone was held horizontally with the screen
oriented upwards. This procedure is similar to the “flyby” on an air track proposed in
Ref. [3]. Thanks to the phyphox app [7], the three components of the magnetic field
were registered as the pedestrian walked over the bridge.

x

y
B

North

θ
δ

Fig. 61.1 The magnetic field measurement was taken by a pedestrian walking on an overpass
above the tracks (left panel) shown in the satellite view (right panel). Axis x points in the direction of
the currents through the tracks, opposite to the current I through the catenary (highlighted in
yellow), while y is along the smartphone’s path, and z points vertically upwards. From the
NOAA website we obtained the horizontal component of Earth’s magnetic field BEH ¼ 24.6 μT,
the magnetic declination δ ¼ 3.45�, and the vertical component of Earth’s magnetic field
BEZ ¼ �39.6 μT. From the map, angle θ ¼ 61.9�
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61.3 The Comparison

The magnetic field is the sum of the contributions of the magnetic fields of the right
track (RT), left track (LT), catenary (C), and Earth (E), B ¼ BRT + BLT + BC + BE,
with the currents and distances sketched in Fig. 61.2. According to the train
company, the power of the engines is 2.2 MW and the voltage of the lines is 3 kV
(DC), resulting in an intensity of approximately I ¼ 733 A, though this value can
vary depending on the number of convoys nearby and their accelerations. We also
assume a current in one direction through the catenary and the opposite, returning,
current uniformly distributed in the two tracks. The orientation of the tracks, the
path, and the Earth’s magnetic field were obtained from the satellite view, and the
reference frame is chosen to be the same of the smartphone, with the x-axis parallel
to the tracks, the y-axis perpendicular to them and parallel to the overpass, and the z-
axis vertical.

Fig. 61.2 Layout of the currents and the smartphone’s path. The standard gauge railways and
height of the catenary were taken from the website of the company while the height of the bridge
was estimated from the pictures
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The contributions produced by the currents are given by the Biot-Savart law for
an infinite line

B ¼ μ0i �zð Þ
2πr2

byþ μ0i yð Þ
2πr2

bz,

while from NOAA’s geomagnetic calculator for that location, the components of
Earth’s magnetic field were obtained (Fig. 61.1). Then, the components along the
axis shown in Figs. 61.1 and 61.2 can be written as

By ¼ μ0
2π

I
2

� � �zð Þ
y� að Þ2 þ z2

þ μ0
2π

I
2

� � �zð Þ
y� að Þ2 þ z2

þ

μ0
2π

�Ið Þ h� zð Þ
y2 þ z� hð Þ2 þ BEH cos θ � δð Þ

and

Bz ¼ μ0
2π

I
2

� � y� að Þ
y� að Þ2 þ z2

þ μ0
2π

I
2

� � yþ að Þ
yþ að Þ2 þ z2

þ

μ0
2π

�Ið Þ yð Þ
v2 þ z� hð Þ2 þ BEZ,

where a is the separation between tracks, h the height of the catenary, and z the
height of the smartphone, whose values are indicated in the figure captions. The left
panel of Fig. 61.3 shows the experimental results obtained by the walking experi-
menter, while the right panel plots the magnetic field corresponding to the model
described above. The agreement between the field measurements and the model is
clearly manifested.

61.4 Systematic Effects

Despite smartphones’ magnetometers not being so accurate [8], the measurement
can be quite precise and needs some precautions. The current flowing on a train line
is not constant. The measurement, then, must not last too long to avoid spotting
sudden changes in the current. Moreover, the measurement must be done far from
large ferromagnetic volumes, such as the wagons of the train or cars passing nearby.

61.5 Conclusion

The magnetic field produced by railways provides the possibility to explore the
electromagnetic fields that surround us. Measurements can be successfully compared
with estimations based on reasonable data and information available on the internet.
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This experiment encourages students to go outdoors and experiment using everyday
tools.
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Magnetic Field ‘Flyby’ Measurement Using
a Smartphone’s Magnetometer
and Accelerometer Simultaneously

62

Martín Monteiro, Cecilia Stari, Cecilia Cabeza, and Arturo C. Marti

The spatial dependence of magnetic fields in simple configurations is a common
topic in introductory electromagnetism lessons, both in high school and in university
courses. In typical experiments, magnetic fields and distances are obtained taking
point-by-point values using a Hall sensor and a ruler, respectively. Here, we show
how to take advantage of the smartphone capabilities to get simultaneous measures
with the built-in accelerometer and magnetometer and to obtain the spatial depen-
dence of magnetic fields. We consider a simple setup consisting of a smartphone
mounted on a track whose direction coincides with the axis of a coil. While the
smartphone is moving on the track, both the magnetic field and the distance from the
center of the coil (integrated numerically from the acceleration values) are simulta-
neously obtained. This methodology can easily be extended to more complicated
setups.

62.1 Simultaneous Use of Several Smartphone Sensors

Recently, the increasing availability and capabilities, and the decreasing cost, have
contributed to the expansion of “smartphone physics.” Indeed, smartphone sensors,
as accelerometer, gyroscope, and magnetometer among others, have been success-
fully employed in diverse physics experiments ranging from mechanics to modern
physics (see, for example, the iPhysicsLabs-column or the different chapters in this
book). One relevant aspect that has received little attention is the fact that
smartphones allow one to obtain simultaneous measures from several sensors. In
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previous works, the simultaneous use of the accelerometer and the gyroscope has
been proposed (Chaps. 18 and 39) [1–5]. More recently, the luminosity sensor has
been employed together with the orientation sensor to experiment with polarized
light [6]. In this work, a simple experience that combines the use of the smartphone
magnetometer and the accelerometer is proposed. The magnetic field generated by a
current in a coil is measured with a smartphone located over a cart on a track whose
orientation coincides with the axis of the coil. While the smartphone is moving on
the track, its position is readily obtained integrating twice the acceleration values
obtained from the accelerometer. In this way, with a simple data processing, the
magnetic field as a function of the position is obtained and as a by-product also the
permeability. These results can be compared with the predictions of the Biot-
Savart law.

62.2 Experiment

Until now a few smartphone-based experiments focusing on electromagnetism have
been proposed in the literature (see for example Refs. [7–9]). In general, in these
experiments the value of the magnetic field is obtained point by point and the
distance is measured using a ruler like in traditional approaches. Here, we focus
on the axial component of the magnetic field B along the axis of a thin coil carrying a
current I. According to the Biot Savart law:

B ¼ μ0NIR
2

2 R2 þ y2
� �3=2 ,

where R is the mean radius of the coil, μ0 is the permeability of free space, N is the
number of turns, and y is the distance to the center of the coil. The experimental
setup, shown in Fig. 62.1, consists of a smartphone mounted on a track placed on the
axis of a coil aligned with the track. The coil is made by N ¼ 200 turns and its mean
radius is R ¼ 10.3(2) cm. The smartphone is mounted on the track using an
aluminum support to avoid magnetic interference. A DC power supply is used to
create an electric current in the coil. The current intensity must be chosen so the
maximum magnetic field that occurs at the center of the coil does not saturate the
sensor. In the present experiment I ¼ 1.83(1) A.

The smartphone, a Nexus 5, contains a three-axis built-in accelerometer and
magnetometer. First of all, we obtain the exact position of the magnetic sensor
within the smartphone [9]. The position of the smartphone is chosen such that the
y-axis coincides with the track and that the magnetic sensor is located on the axis of
the coil. Second, it is necessary to consider that the sensor measures the magnetic
field generated by the coil and also additional contributions by the terrestrial
magnetic field and other nearby magnetic objects. To obtain the magnetic field
produced only by the coil, the background contribution, obtained with zero applied
current, must be subtracted. In this experiment the background magnetic field was
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72.9 μT. The uncertainties in the values of the magnetic field and the acceleration
obtained with the sensors were determined considering standard deviation in a
measurement (0.6 μT and 0.02 m/s2, respectively). To reduce the errors in the
numerical integration, the sampling interval was chosen as the maximum rate of
the accelerometer (Δt ¼ 0.005 s).

The smartphone, initially at rest on the track, is gently propelled (with an
acceleration of the order of 1.5 m/s2 during a brief time interval) and continues
following an almost uniform motion. The app Androsensor is used to record the
y-components of both the acceleration and the magnetic field. The position of the
smartphone along the track at the times at which the sensors measured a specific
magnetic field value can be obtained integrating the acceleration values. In this case,
the Euler method might be easily implemented in a spreadsheet. Concretely, given
the initial conditions at time t0, x0 ¼ �0.30 m and v0 ¼ 0, it is possible to iterate
obtaining the variables at time ti+1 as a function of the variables at time ti according to

viþ1 ¼ vi þ aiΔt
xiþ1 ¼ xi þ viΔt:

Fig. 62.1 Experimental setup
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62.3 Results and Analysis

In Fig. 62.2, the magnetic field as a function of the distance calculated through the
numerical integration of the acceleration is displayed. The symbols correspond to the
experimental measures while the theoretical model provided by the Biot-Savart law
is presented by the red line. Due to the accumulation of error in the numerical
integration, the agreement between the theoretical model and the experimental
results is worse when the displacement is larger. The experimental value of the
permeability is obtained from the slope, s, of the linear plot shown in the inset.

s ¼ μ0NIR
2

2

� ��2=3

:

The experimental value, μ0 ¼ 12.5(4) � 10�7 Tm/A, displays great concordance with
the accepted value.

To sum up, we presented a simple and precise way to analyze the spatial
dependence of magnetic fields using only a smartphone provided with acceleration
and magnetic sensors. This approach can easily be extended to other experimental
setups.
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Making the Invisible Visible: Visualization
of the Connection Between Magnetic Field,
Electric Current, and Lorentz Force
with the Help of Augmented Reality

63

Anna Donhauser, Stefan Küchemann, Jochen Kuhn, Martina Rau,
Sarah Malone, Peter Edelsbrunner, and Andreas Lichtenberger

When introducing electromagnetism in schools, one specific experiment is inevita-
ble: the force on a current-carrying conductor. Predicting the direction of the Lorentz
force, the orientation of the magnetic field, and the direction of the electric current
often causes difficulties for students. Here we present visual concept-relevant
augmentations of the experiment that use the Microsoft HoloLens, which intends
to counteract common students’ misconceptions by taking relevant principles of
educational psychology into account.

63.1 Theoretical Background

Maxwell’s equations [1] can completely describe the electrodynamics based on
interaction of fields. Gauss’s law of a magnetic field B is Maxwell’s second equation
for the magnetic flux:
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I
s
BdA ¼ 0: ð63:1Þ

It can be clearly interpreted as the fact that there are no magnetic monopoles and
that magnetic field lines always form closed loops.

Maxwell’s fourth equation is formulated in the sense that an electric current I or a
changing electric flux generates a circulating magnetic field:

I
l
B � ds ¼ μ0I þ ε0μ0

d
dt

Z
s
E � dA: ð63:2Þ

Complementing Maxwell’s equations with the Lorentz force can describe all
(classical) electrodynamic phenomena. This Lorentz force FL results from the vector
product of the charge Q, which passes through a magnetic field B with velocity v:

FL ¼ Qv � B:
For a current-carrying wire section of length dl, this equation can be transformed

using the relation

Qv ¼ Q
dl
dt

¼ dQ
dt

dl ¼ I � dl

in the equation of the Lorentz force, which acts on a conductor with current I:

FL ¼ I � dl � B:

63.2 Experimental Setup and Procedure

In the experiment of a current-currying conductor, students can directly explore the
phenomena that are formally described by Maxwell’s equations. Figure 63.1 shows
the usual setup with a freely suspended current-carrying conductor placed in the
magnetic field of a horseshoe magnet. A power supply generates a current of 10 A in
the conductor swing.

Two problems arise for our students in this experiment. First, field effects on
current-currying conductors are invisible. Second, split attention effects following
from the discontinuity of relevant information impairs learning, because related
additional representations such as vector representation, formulas, and magnetic
field lines are presented at a spatial or temporal distance from the experimental
setup (e.g., on the blackboard after experimenting). As a result, students either
completely ignore invisible fields, misinterpret models of the invisible fields, or
they incorrectly predict directions of interaction and movement. Therefore, the
representations and their directions of interaction might help students to develop
physically correct mental concepts and problem-solving strategies.
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We address this with augmented reality (AR), as shown in Fig. 63.2. Based on
prior work (Chaps. 53 and 57) [2–6], we use a HoloLens [7] to combine a virtual
visualization with the physical experiment. Using these mixed-reality glasses, we
create an interactive learning environment that follows well-established multimedia
learning design principles [8]. This not only makes static invisibilities visible, but
also allows students to directly experience physical relationships and processes
because they see in real time how the parameters they modified dynamically
influence other variables, processes, and fields. Thus, we obtain spatial and temporal

Fig. 63.1 Experimental
setup for the demonstration of
the Lorentz force

Fig. 63.2 Visualization of the magnetic field and the right-hand rule using the HoloLens. Option-
ally, three learning tools can be displayed: the formula of the Lorentz force, directional indications
with the right hand, and the vector triad
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contiguity between reality and its virtual representations to reduce a spatial and
temporal split of students’ attention during the experiment.

As Fig. 63.2 shows, the HoloLens virtually visualizes the model of the magnetic
field lines directly around the magnet. The model of the magnetic field combines a
continuum with the directional magnetic field lines to prevent the misconception that
there is no field between the lines. Corresponding vectors, field lines, and physical
quantities in the formula are displayed in the same color. This color-coding helps
students relate corresponding representations to each other. In addition to the
presented experiment, the magnetic field around the conductor swing will be
visualized. This allows students to observe the superposition and interaction of
several magnetic fields.

To study the dependence of the Lorentz force FL on the parameters of the electric
current I and the conductor length dl, we subsequently manipulate each variable
while keeping the others constant.

63.3 Results and Outlook

Depending on the direction of the current, the current-carrying conductor moves to
the left or right (Fig. 63.2). In physics education the right-hand rule is used to
illustrate the direction of the Lorentz force, which is the cause of this movement.
This rule illustrates that the Lorentz force is the result of the cross product of the
direction of the electric current and the orientation of the magnetic field. As there are
country-specific variations of this rule, we follow the convention shown in Fig. 63.2:
The right-hand thumb points in the technical current direction, the corresponding
index finger is oriented parallel to the magnetic field lines, and the middle finger
predicts the direction of the Lorentz force. All three fingers are orthogonal to each
other like a vector triad. Whereas the movement of the current-carrying conductor
becomes visible, the magnetic field of the horseshoe magnet, the electric current
flow, and the related magnetic field around the conductor swing remain invisible. By
subsequently studying the dependence of the Lorentz force FL on the parameters of
the electric current I and the conductor length dl, students can learn that the Lorentz
force is proportional to the electric current I and the conductor length dl.

While the visualization of invisible, abstract variables should lead to better
learning, the multitude of representations that can possibly be integrated may also
increase cognitive load. Therefore, future work should investigate which forms of
representations maximize students’ learning and how many representations are
optimal to maximally support students without cognitively overloading them. This
important as research shows that effects on learning in educational lab work instruc-
tion are not consistent [6, 9, 10].

376 A. Donhauser et al.



References

1. Demtröder, W.: Electrodynamics and Optics, p. 110. Springer International Publishing, Cham
(2019)

2. Kuhn, J., Lukowicz, P., Hirth, M., Poxrucker, A., Weppner, J., Younas, J.: gPhysics – using
smart glasses for head-centered, context-aware learning in physics experiments. IEEE Trans.
Learn. Technol. 9(4), 304 (2016)

3. Strzys, M.P., Kapp, S., Thees, M., Kuhn, J., Lukowicz, P., Knierim, P., Schmidt, A.:
Augmenting the thermal flux experiment: a mixed reality approach with the HoloLens. Phys.
Teach. 55, 376 (2017)

4. Strzys, M.P., Kapp, S., Thees, M., Klein, P., Lukowicz, P., Knierim, P., Schmidt, A., Kuhn, J.:
Physics holo.lab learning experience: using smartglasses for augmented reality labwork to
foster the concepts of heat conduction. Eur. J. Phys. 39(3), 035703 (2018)

5. Kapp, S., Thees, M., Strzys, M.P., Beil, F., Kuhn, J., Amiraslanov, O., Javaheri, H., Lukowicz,
P., Lauer, F., Rheinländer, C., Wehn, N.: Augmenting Kirchhoff’s laws: using augmented
reality and smartglasses to enhance conceptual electrical experiments for high school students.
Phys. Teach. 57, 52 (2019)

6. Thees, M., Kapp, S., Strzys, M.P., Beil, F., Lukowicz, P., Kuhn, J.: Effects of augmented reality
on learning and cognitive load in university physics laboratory courses. Comp. Hum. Behav.
108, 106316 (2020)

7. https://www.microsoft.com/en-us/hololens (This is an independent publication and is neither
affiliated with, nor authorized, sponsored, or approved by, Microsoft Corp.)

8. Chien, K.P., Tsai, C.Y., Chen, H.L., Chang, W.H., Chen, S.: Learning differences and eye
fixation patterns in virtual and physical science laboratories. Comput. Educ. 82, 191–201 (2015)

9. Altmeyer, K., Kapp, S., Thees, M., Malone, S., Kuhn, J., Brünken, R.: Augmented reality to
foster conceptual knowledge acquisition in STEM laboratory courses – theoretical derivations
and empirical findings. Brit. J Educ. Technol. 51(3), 611–628 (2020)

10. Thees, M., Altmeyer, K., Kapp, S., Rexigel, E., Beil, F., Malone, S., Brünken, R. & Kuhn, J.
(2022). Augmented Reality for Presenting Real-Time Data During Students Laboratory Work:
Comparing Smartglasses with a Separate Display. Front. Psych. 13 (2022), 804742

63 Making the Invisible Visible: Visualization of the Connection Between. . . 377

https://www.microsoft.com/en-us/hololens


Augmenting the Fine Beam Tube: From
Hybrid Measurements to Magnetic Field
Visualization

64

Oliver Bodensiek, Dörte Sonntag, Nils Wendorff,
Georgia Albuquerque, and Marcus Magnor

Since the emergence of augmented reality (AR), it has been a constant subject of
educational research, as it can improve conceptual understanding and generally
promote learning [1]. In addition, a motivational effect and improved interaction
and collaboration through AR were observed [2]. Recently, AR technologies have
taken a major leap forward in development, such that head-mounted devices or
smartglasses in particular are now finding their first applications in STEM education,
especially in experiments (Chaps. 53 and 57) [3–6]. In line with these developments,
we here present an AR experiment in electrodynamics for undergraduate laboratory
courses in physics using real-time physical data from and virtual tools on mobile
devices to both analyze and visualize physical phenomena.

64.1 Theoretical Background

In order to determine the electron charge-to-mass ratio –e/me, a fine beam tube is
typically used in educational settings. Its main part is an electron gun that generates
electrons by thermal glow emission, accelerates them due to a voltage Uacc between
anode and cathode, and bundles them into a focused beam. The electron gun is
embedded into an evacuated glass sphere back-filled with hydrogen or helium at low
pressure. Hence, the electron beam becomes visible due to impact ionization. This
fine beam tube is mounted on a stand right in the middle of a Helmholtz coil pair,
where a coil current Icoil generates an almost homogenous magnetic field. Provided
Icoil is large enough compared to Uacc, the resulting Lorentz force deflects the
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electrons onto a circular path within the glass sphere. The Lorentz force acting on an
electron with velocity ve in a magnetic field B is given by

F ¼ �e ve � Bð Þ:
For an ideal homogenous magnetic field and the electron velocity being perpendicu-
lar to the magnetic field, the Lorentz force acts as radial force, that is,

me � v
2
e

r
¼ e � ve � B

according to amount and with r representing the radius of the circular electron path.
Using the relations between ve and Uacc, respectively, between B and Icoil, the
essential proportionality in this experiment is given by

e
me

/ Uacc

r2 � I2coil
:

64.2 Experimental Setup

In the experiment students use the Microsoft HoloLens [7] as AR smartglasses both
to record measurement data and to study the physics of charged particles in magnetic
fields in a hybrid, i.e., digitally enhanced lab environment.

Uacc and Icoil are measured with multimeters and gathered by a USB-connected
single board computer (Fig. 64.1), which in turn establishes a wireless data link to

Fig. 64.1 Experimental setup of the fine beam tube with Helmholtz coils, power supplies, and
multimeters connected via USB with a single board computer (SBC)
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the HoloLens. On the HoloLens’s semi-transparent display, the real-time measure-
ment data are presented as numerical values in real time (Fig. 64.2). In order to
determine the radius of the electron beam, we have added a virtual ruler that can by
gesture control both be moved in depth to the plane of the electron beam and
adjusted to the diameter of the circular beam path (Fig. 64.2).

All numerical values that are needed to calculate the charge-to-mass ratio are
shown on the display of the smartglasses. By “air tapping” a single record button
(out of the field of view in Fig. 64.2), all three values are automatically added to a
CSV file that can be analyzed after the experiment. Additional measurements are
recorded either for different voltages and coil currents measuring the altered diame-
ter again, or by adjusting Uacc and Icoil such that the diameter keeps constant.
Especially in the latter case, a measurement series can be done both rather quickly
and by a single student, if wanted or necessary.

In addition to the hybrid measurement possibility, we implemented a visualiza-
tion of the magnetic field (Fig. 64.3) according to the current experimental
parameters. The user can also overlay the corresponding theoretically predicted
electron beam. All field and beam data are calculated in advance by the finite-
element method for a relevant parameter space of Uacc and Icoil with a sufficiently
narrow parameter grid. In between these points on the grid, the AR application
interpolates the pre-calculated field and beam data linearly and visualizes it on the
smartglasses accordingly. Moreover, the relevant formulas for Lorentz force, field
strength as function of Icoil, and electron velocity as function of Uacc can be enabled
as overlay to the experiment (not shown here). The parameter(s) currently being
changed in the experiment are then highlighted by color in the formulas.

Fig. 64.2 View through the smartglasses while using the virtual ruler
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64.3 Experimental Results

We recorded a series of N ¼ 18 measurements with constant radius but different
acceleration voltages and coil currents in the AR environment. As a mean value we
obtained –e/me ¼ �(1.76 � 0.01)�1011 C�kg�1, which is remarkably close to the
CODATA value –1.758820024(11)�1011 C�kg�1 [8]. In several manual measure-
ment series, visually reading off the values, we best reached an accuracy of only
about 3%. We relate the improved accuracy in the AR environment to the following
two factors: on the one hand, even the stabilized power and voltage supplies we used
vary over time. As an effect, one or both values read off may differ a little from the
ones immediately after calibration to the constant radius. This error source is reduced
in our AR measurement, where both values are recorded simultaneously right after
calibration. On the other hand, visually reading off the diameter includes a parallax
error, as the measuring device lies approximately 9 cm in front of the electron beam.
This error can be reduced by using a mirror on the backside of the glass sphere, but it
is still not as accurate as the virtual ruler in our AR environment, which can be placed
directly in the plane of the electron beam in the glass sphere.

The only drawback we experienced in using the AR environment for this specific
experiment is the need to adjust the light conditions so that the weakly glowing
electron beam is clearly visible through the darkening HoloLens and one can still see
enough to operate the power supplies.

Fig. 64.3 Visualization of the magnetic field as vector plot. In addition, the theoretically predicted
electron beam is augmented
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64.4 Conclusion

We implemented an augmented lab experiment for the fine beam tube using AR
smartglasses. All measurements in order to determine the specific charge can be
recorded digitally in the AR environment. With this AR-based approach, we observe
several advantages. First, the measured values seem to be more accurate compared to
reading them off visually. Second, acquisition of measurement values is easy and
quick and can easily be done alone. Finally, and probably most important, the
additional field visualization coupled to real-time data provides an immediate feed-
back to the students’ experimental actions. In combination with corresponding
mathematical formulas of a theoretical description in a single hybrid learning
environment, we expect this to foster understanding relationships between theory
and experiment as found in comparable AR experiments [6] since it provides high
temporal and spatial contiguity, thereby avoiding a split-attention effect [9].
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Learning the Lens Equation Using Water
and Smartphones/Tablets 65
Jack Freeland, Venkata Rao Krishnamurthi, and Yong Wang

Due to their prevalence and convenience, smartphones and tablets have been
increasingly useful as tools to carry out new experiments in STEM education,
including high school and university physics such as mechanics, acoustics, and
optics (e.g. Chaps. 6, 24, 29 and 44) [1–8]. In this chapter we present a simple
experiment with water and smartphones/tablets. We demonstrate how smartphones
and tablets can be used for learning and verifying the lens equation and lensmaker’s
equation to help students understand concepts in ray optics.

For a convex (converging) lens with a focal length of f, if the distances from the
lens to an object and its image are ro and ri (Fig. 65.1a), respectively, the lens
equation is

1
ro

þ 1
ri
¼ 1

f
: ð65:1Þ

Given the radii of the lens surfaces, R1 and R2, the focal length can be obtained from
the lensmaker’s equation [9]

1
f
¼ n� 1ð Þ 1

R1
þ 1
R2

� n� 1ð Þw
nR1R2

� �
, ð65:2Þ

where n is the refractive index of the lens material, and w > 0 is the thickness of the
lens. In this experiment, we will create a thick convex (converging) lens by putting a
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water droplet on the screen of a smartphone or tablet (Fig. 65.1b). As the screen side
of the water droplet is flat, we have R1 ¼ 1. As the water droplet can be
approximated as part of a sphere, R2 is approximately the radius of the sphere R.
Taking into account that the refractive index of water is n ¼ 1.333, the lens equation
[Eq. (65.1)] is simplified to

1
ro

þ 1
ri
¼ 1

f
¼ n� 1

R
¼ 1

3R
: ð65:3Þ

If the magnification is negative (i.e., ri/ro < 0) we can define and write

β ¼ 1� 1=M ¼ ro= 3Rð Þ, ð65:4Þ
whereM ¼ |ri/ro|. Thus, it is expected that β varies linearly with 1/R if ro is constant.

Fig. 65.1 Theory and experiment. (a) Lens equation. (b) Magnification of pixels of a screen by a
water droplet. Inset: side view of a water droplet. (c) An example of pictures of water droplets of
different volumes on an iPad screen. (d) Zoom-in view of a droplet in panel (c) indicated by the red
arrow
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65.1 Laboratory Experiment

In the laboratory experiment, lenses made of water droplets were created and used to
magnify the pixels of the screens of smartphones/tablets, and the lens equation was
verified. Briefly, an iPad (6th generation, Model MR7K2LL/A) was placed (with its
screen facing up) on a flat surface. Before placing water droplets on the iPad screen,
students were advised to open an app (e.g., GoodNotes) to generate a uniform white
background and draw several horizontal lines on the screen as guides (black lines in
Fig. 65.1c). In addition, students were required to write down the desired volumes
(in mL) of water droplets (the numbers—10, 12, 14, 16, and 18—in Fig. 65.1c). The
guides and numbers help students to organize the water droplets and the data to be
acquired. Furthermore, a ruler with markings was placed on the iPad close to the
edge of the screen. The ruler is needed for estimating and calibrating the pixel size of
pictures of water droplets in later analysis.

Water droplets of different volumes (10–18 μL) were added to the iPad screen
using a 20 μL pipettor (VWR International LLC). Each volume was repeated four
times (i.e., four droplets in a row as shown Fig. 65.1c). Due to the presence of the
water droplet lenses, students observed that the actual pixels (d) of the iPad screen
formed virtual images (D) (Fig. 65.1b, c). This observation was recorded as pictures
by the camera of a smartphone (iPhone 7, Model # MN8G2LL/A). A closer look at
single droplets in the acquired pictures clearly showed the pixel images of the iPad
screen (Fig. 65.1d). The acquired pictures were then transferred to a computer and
analyzed.

It is suggested that students take pictures of all the water droplets together
(as shown in Fig. 65.1c), instead of separate pictures of individual water droplets.
We found that the suggested procedure resulted in higher efficiency and, more
importantly, better consistency. This is because the pixel size of the acquired pictures
depends on the height of the smartphone, while a single picture including all the
water droplets ensures that the height of the smartphone remains the same for all the
water droplets in that picture.

65.2 Analysis and Results

Estimation of the Radius of Curvature of Water Lenses

To determine the radii of water droplets and magnification of the water lenses, we
first quantified the pixel size of the captured pictures. Briefly, the picture was opened
in ImageJ (an open-source software) [10] and a single color channel was extracted
(ImageJ menu: Image! Color! Split! Channels). We then drew a line along the
marks of the ruler (yellow line in Fig. 65.2a) and determined the intensity profile
(ImageJ menu: Analyze! Plot Profile), from which a periodic pattern was observed
(Fig. 65.2b). We next read out the periods (in the unit of pixels) from ImageJ [10],
which showed a clear single-peak distribution centered at 26 pixels (Fig. 65.2c). As
the periodic pattern corresponds to the mm marks on the ruler, one pixel in the
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captured pictures was then estimated at � 1/26 mm (i.e., the conversion factor was θ
� 1/26 mm/px).

The radii of the water droplets were estimated using the oval selection tool and the
Measure menu in ImageJ [10], and the determined conversion factor θ. Briefly, an
oval selection was drawn to overlap with the boundary of the water droplet
(Fig. 65.3a), followed by measuring the size of the oval (ImageJ menu: Analyze
! Measure). From the major and minor axes (a and b, in the unit of pixels;
Fig. 65.3b) and the conversion factor θ, the radius of the water droplet was estimated
by R ¼ θ

ffiffiffiffiffi
ab

p
(in the unit of mm), which increased as the volume of the water

droplets was higher (Fig. 65.3c).

Fig. 65.2 Determining the pixel size of the captured picture. (a) Zoom in to the end of the ruler in
the full picture. (b) Intensity profile along the yellow line in panel (a). (c) Distribution of the number
of pixels between mm marks of the ruler

Fig. 65.3 Determining the size of water droplets. (a) Boundary of a droplet. (b) Measured major
and minor axes (in the unit of pixels). (c) Dependence of the radii (R) of water droplets on their
volume (V ). Error bars stand for standard deviation from multiple measurements
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Determination of the Magnification of Water Lenses

The magnification of the water droplet lenses was determined from the magnified
distance (D) and actual distance (d ) between the screen pixels,M¼D/d (Fig. 65.1b).
The actual distance d can be obtained from the specification of the iPad (pixels per
inch or ppi ¼ 264),1 d ¼ 25.4/264 mm ¼ 0.0962 mm. To get the magnified distance
(D), we first inverted the grayscale image (single color channel) of the water droplets
and drew yellow lines horizontally or vertically (Fig. 65.4a). The intensity profile
along the line was obtained (Fig. 65.4b), ImageJ menu: Analyze ! Plot Profile).
From the peak-to-peak distances Lpp (in the unit of pixels) read out from the intensity
profile in ImageJ, we calculated the magnified distances of the iPad-screen pixels,
D ¼ Lpp � θ (in the unit of mm), which gave the magnifications of the water lenses
using M ¼ D/d. Interestingly, it was observed that the magnified distances between
screen pixels (D) and the magnification factor (M ) were negatively correlated to the
volume of the water droplets (Fig. 65.4c, d).

Fig. 65.4 Verification of lens equation. (a) Inverted picture of a droplet. (b) Intensity profile along
the yellow line in panel (a). (c) Dependence of the magnified distance between screen pixels (D) on
the volume of water droplets (V ). (d) Dependence of the magnification factor (M ) of water droplets
on their volume (V ). (e) Relation between β ¼ (M – 1)/M and 1/R. The red dashed line is the fitting
with a line with zero-intercept. Error bars stand for standard deviation from multiple measurements

1iPad (6th generation)—technical specifications.

65 Learning the Lens Equation Using Water and Smartphones/Tablets 391



Verification of the Lens Equation

Lastly, we calculated β ¼ (M–1)/M from the magnifications and found that the
relation of β vs. 1/R could be fitted very well with a single line with zero-intercept
(β ¼ k � 1/R) as shown in Fig. 65.4e. This result suggests that Eq. (65.4) and thus the
original lens equations [Eqs. (65.1, 65.3)] were valid.

65.3 Conclusions

To summarize, we present a simple laboratory experiment to learn and verify the lens
equation and lensmaker’s equation with water and smartphones/tablets. One advan-
tage of this experiment lies in the fact that no additional equipment or optics is
needed. Due to the simplicity of this experiment and the prevalence of smartphones
nowadays, we expect that the presented experiment is interesting and broadly useful
for physics education in high schools, colleges, and universities.

Acknowledgment This work was supported by the University of Arkansas; the iPad used in this
work was provided by the Honors College at the University of Arkansas. We thank Angeli
X. Wang, who observed the lens effects of water droplets during one of her Water Play Days, for
inspiring and initiating this project.
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Color Reproduction with a Smartphone 66
Lars-Jochen Thoms, Giuseppe Colicchia, and Raimund Girwidz

The world is full of colors. Most of the colors we see around us can be created on
common digital displays simply by superposing light with three different
wavelengths. However, no mixture of colors can produce a fully pure color identical
to a spectral color. Using a smartphone, students can investigate the main features of
primary color addition and understand how colors are made on digital displays.

66.1 Color Vision

Color perception with a high spectral resolution would need a large number of
photoreceptors sensitive to narrow bands of light. Since an expansive number of
photoreceptors on the retina would reduce the spatial resolution, eyes of living
beings combine signals of a few photoreceptors, which are sensible on a large
spectral range [1].

In our retina, there are three types of color receptors: long (L; red), medium (M;
green), and short (S; blue) sensitive cones (Fig. 66.1) that owe their names to the
wavelength of their peak sensitivities. The sensitivities of the cones overlap mas-
sively in the spectral range between 390 nm and 720 nm. Energy corresponding to
the wavelength of light wave stimulates the cones, which send a stimulus to the
brain. Specific combinations of stimuli from the three different cone receptor types
produce an input from which the brain creates the perception of color.

The stimulus of one cone alone is not sufficient to identify the distribution of
spectral intensities. However, each pulse of light radiation with a single (relative
narrow band) wavelength between 400 and 700 nm stimulates two or three receptors,
inducing the sensation of a specific spectral color. For example, light with frequency
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580 nm stimulates cones M and S equally and produces the sensation of the color
yellow. However, light composed of both the two wavelengths 570 nm and 590 nm
produces a stimulus that is almost equal to the sensation of the spectral color yellow.
This is called “metamerism” and will be illustrated in the last experiment.

66.2 Additive Color Mixing

Like computer monitors and televisions, smartphones apply additive color mixing.
These devices generate images using a tightly packed mosaic of red, green, and blue
dots (Fig. 66.2) (RGB system). These dots are so small that our eyes cannot optically

Fig. 66.1 The spectral sensitivity of the L, M, and S cones based on the CIE 1964 color matching
functions. CIE is the Commission Internationale de l’Eclairage (International Commission on
Illumination)

Fig. 66.2 Smartphone displays under a microscope. (a) iPhone 3GS (163 ppi), (b) iPhone
4 (326 ppi), (c) HTC 7 Mozart (252 ppi), (d) Samsung Galaxy S3 (306 ppi)
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resolve them. Therefore, the light from the dots overlaps on the retina, creating a
composite color impression.

Superposition with different intensities of these three primary colors can produce
a wide range of colors. Per definition, no combination of two primary colors can
produce a third primary color. The addition of two primary colors with identical
intensities results in the secondary colors cyan, magenta, and yellow. Combining all
three primary colors with even intensities leads to the color white.

66.3 Analyzing Colors of RGB Displays

Students can use any color mixer or any graphical software on a smartphone to
identify the three primary colors of the RGB system: red, green, and blue. They
simply draw vertical colored lines on a black screen, and examine them through
inexpensive diffraction glasses1 (Fig. 66.3).

Figure 66.4 shows red, blue, and green lines producing monochromatic diffrac-
tion images. In spite of that, a white line splits into the colors red, green, and blue. A
yellow line shows a combination of green and red.

Each pixel in the display generates color by combining one red, one green, and
one blue light dot. For example, when the red dot is set to zero, the light dot is turned
off. When it is set to 255, the light dot is turned fully on. Any value between them
sets the light dot to partial light emission.

Note that different devices display a particular RGB value in different ways, since
the color elements (such as phosphors or dyes) vary from manufacturer to manufac-
turer. Thus, an RGB value does not describe the same color across devices without
additional color management.

66.4 Two Kinds of Yellow

A pure spectral color stands for a single wavelength with a very narrow natural line
width. Project the cone of light from a sodium vapor lamp as a spot on a white wall.
Now take a photograph of the spot with a smartphone or a digital camera. Compare
the picture with the spot on the wall. Both appear to be the same kind of yellow color.
When you look through diffraction glasses at the spot on the wall, you will see three
diffracted orders in pure yellow. However, when looking at the picture on the
smartphone display, the higher orders split up in the three colors red, green, and blue.

As an alternative to expensive sodium vapor lamps, you can use a special candle
bulb that contains LEDs and which is covered with a nearly monochromatic filter
and view it directly2 (Fig. 66.5).

1Diffraction glasses are available at, e.g., https://www.rainbowsymphony.com/
2For example, Paulmann LED 230 V, 0.6 W, E14, yellow.
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Fig. 66.4 Spectra of pure red (a), pure green (b), pure blue (c), yellow (d), and white with two
different intensities (e, f)

Fig. 66.3 Diffraction glasses
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Fig. 66.5 (a) Candle bulb covered with a monochromatic yellow filter. (b) Image of the glowing
bulb as seen with the naked eye and on a smartphone. (c) Photograph of the bulb through diffraction
glasses, and (d) photograph of the smartphone display through diffraction glasses. The printed
colors may appear different from those on screen, which in turn may appear different from those
observed in the experiment
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Diffraction Experiments with Infrared
Remote Controls 67
Jochen Kuhn and Patrik Vogt

In this contribution we describe an experiment in which radiation emitted by an infrared
remote control is passed through a diffraction grating. An image of the diffraction
pattern is captured using a cell phone camera and then used to determine the wave-
length of the radiation Corresponding ideas were previously published in [1–3].

The CCD chips used in digital cameras are also sensitive to electromagnetic
waves in the near infrared. This property can be used to demonstrate interesting
diffraction phenomena with simple apparatus. In addition to a cell phone with a
camera function, the objects required for this experiment are an infrared remote
control and a diffraction grating with a suitable line spacing (50 lines per millimeter,
or so—low-cost transmission grating film works well, or even a CD used as a
reflection grating).

67.1 Qualitative Experiments

The experimental setup is very simple: The user shines the remote control onto the
camera lens while holding the grating directly in front of the lens.

The diffraction pattern can be photographed using the cell phone camera
(Fig. 67.1) and exported to a computer to be printed and inserted into students’ lab
reports. In Fig. 67.2 the image on the left was produced by a transmission grating
having 50 lines per millimeter, and the image on the right by a cross-grating film
with 900 lines per millimeter.
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67.2 Quantitative Experiments

In order to determine the wavelength of the infrared radiation produced by a remote
control device, the experimental setup is adjusted as in Fig. 67.3a. A ruler, oriented
perpendicular to the grating lines and placed just above or below the radiation
source, serves as a measuring scale.

Fig. 67.1 Image of the
diffraction pattern on the cell
phone display

Fig. 67.2 Diffraction patterns produced with an infrared remote control and transmission gratings,
recorded with a cell phone camera
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The grating and cell phone must be positioned so that the infrared radiation
hits the grating and the diffraction pattern can be seen, together with the ruler, on
the cell phone screen (Fig. 67.3b). After the photograph is taken, the wavelength
of the infrared radiation can be determined using the diffraction grating equation,
d sin α ¼ nλ, where d is the grating spacing, n is the order number, and λ is the
wavelength. Since the angle α is small, we can write sin α � tan α ¼ S/L
(Fig. 67.4).

A typical result, using a BenQ Model CT050606055 remote control, a grating
having 80 lines/mm (d ¼ 1.25�10�5 m), and L ¼ 0.77 m, is S ¼ 11.5 cm (for n ¼ 2),
which results in a wavelength λ ¼ 930 nm. This value lies within the usual
wavelength range for the infrared diodes used in remote controls (900 nm –

1200 nm).

Fig. 67.3 Determining the wavelength of infrared radiation of a remote control: (a) experiment
setup; (b) image of diffraction pattern and ruler

S

L

camera

grating

ruler

Fig. 67.4 Geometry of the
experimental setup
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Characterization of Linear Light Sources
with the Smartphone’s Ambient Light
Sensor

68

Isabel Salinas, Marcos H. Giménez, Juan A. Monsoriu,
and Juan C. Castro-Palacio

The smartphone’s ambient light sensor has been used in the literature to study
different physical phenomena [1–5]. For instance, Malus’s law, which involves the
polarized light, has been verified by using simultaneously the orientation and light
sensors of a smartphone [1]. The illuminance of point light sources has been
characterized also using the light sensor of smartphones and tablets, demonstrating
in this way the well-known inverse-square law of distance [2, 3]. Moreover, these
kinds of illuminance measurements with the ambient light sensor have allowed the
determination of the luminous efficiency of different quasi-point optical sources
(incandescent and halogen lamps) as a function of the electric power supplied
[4]. Regarding mechanical systems, the inverse-square law of distance has also
been used to investigate the speed and acceleration of a moving light source on an
inclined plane [5] or to study coupled and damped oscillations [6]. In the present
work, we go further in presenting a simple laboratory experiment using the
smartphone’s ambient light sensor in order to characterize a non-point light source,
a linear fluorescent tube in our case.
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68.1 Basic Theory

The smartphone’s ambient light sensor is able to measure the illuminance (E)
provided by an optical source, which is defined as the luminous flux (φ) per unit
area (A):

E ¼ φ
A
: ð68:1Þ

We can consider the optical source as a point source when its size is negligible
compared to the distance between the detector and the source. In this case, the
emitted wavefronts can be considered as spherical surfaces of radius r centered on
the point source. Thus, in mathematical terms, the illuminance can be expressed as

E ¼ φ
4πr2

: ð68:2Þ

Therefore, for point optical sources, the illuminance is governed by the inverse-
square law of distance. However, if the resulting illuminance from a non-negligible
size light source were to be calculated at a given distance, an integral over the actual
geometry of the source would have to be performed. One way to avoid using
concepts that are more complex in high school and first-year university levels is to
consider a linear source as an example of a non-point source. In this case, the
luminous flux is distributed over cylindrical wavefronts (Fig. 68.1), so the illumi-
nance is characterized by the following equation,

Fig. 68.1 Cylindrical
wavefronts produced by a
linear light source
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E ¼ φ
4πrL

, ð68:3Þ

where r is the distance from the detector to the center of the linear source of length L.
Thus, the luminance is only proportional to the inverse of the source-detector
distance and not to the inverse of the squared distance. It can be noticed that
Eqs. (68.2) and (68.3) are completely analogous to the equation of the electric
field generated by a point charge (E � 1/r2) or by an infinite line of charge
(E � 1/r), respectively. The objective of this work is to verify experimentally the
illuminance dependence, 1/r, for linear sources using the ambient light sensor of a
smartphone.

68.2 Experiments and Results

Most smartphones nowadays bear a light sensor, which allows illuminance of any
light source placed nearby to be measured. Here, we will also use the light sensor but
this time to measure the resulting illuminance of a light source of non-negligible size.
To keep it simple, we have chosen the case of a linear source that is represented in
our experiments as a conventional fluorescent tube of length L ¼ 120 cm. The
fluorescent tube (OSRAM T8, 36 W, 3350 lm) and the smartphone (Samsung
Galaxy S7), while measuring the illuminance with the light sensor, are included in
the photo of Fig. 68.2.

In order to collect the sensor data, the Physics Toolbox Suite free application for
Android has been used [7]. Using this simple experimental setup (Fig. 68.2),

Fig. 68.2 Photo of the
experimental setup
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measurements of the illuminance were carried out at each distance r during 30 s. The
background light was controlled such that it was kept close to zero. To perform a
new measurement, the sensor was covered with an opaque black cloth until it was
placed at the new position, and so on for the other measurements. The illuminance
was averaged at each point over 30 s. The results showing the depence of the
illuminance E � 1/r are included in Fig. 68.3.

The luminous flux in Eq. (68.3) has been obtained by means of a linear fit using
the data for E, directly measured with the light sensor vs. the inverse distance 1/r as

E ¼ a
1
r
, ð68:4Þ

where a is a constant to be determined. The output of the fitting is shown in Fig. 68.4.
A linear correlation coefficient of 0.9991 was obtained that shows clearly the linear
dependence between the plotted variables. The resulting value of the slope,
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a ¼ 431.3 lx�m, was used to calculate the luminous flux ϕ ¼ a2πL ¼ 3252 lm. This
value was compared with the one reported by the manufacturer, 3350 lm. A
percentage deviation of 3% was obtained, which indicates the effectiveness for
teaching of the methodology presented here.This simple setup and experiment
shows that the smartphone’s ambient light sensor is fair enough to verify the
inverse-distance law for linear sources (E � 1/r). This kind of smartphone physics
experiment is being implemented with success in the first engineering courses at the
School of Design Engineering, Universitat Politècnica de València, Spain.
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Part XIII

Astronomy and Modern Physics



Smartphone Astronomy 69
Marcus Kubsch and Hendrik Härtig

The quality of smartphone cameras has improved so far that it is possible to capture
stars, planets, and the International Space Station (ISS). Inspired by the usage of a
tablet in introductory astronomy presented by Gill and Burin [1], an approach to
astronomy where students use smartphones to perform astronomical measurements
themselves will be presented.

69.1 The Night Sky

If one considers that astronomical observations mark the beginning of the scientific
consideration of our environment for humankind [2] and that events such as the
landing of NASA’s Spirit rover still produce wide echoes in the media, it appears
strange that astronomy plays such a small role in physics curricula today. For
example, astronomical knowledge can help to solve intriguing riddles in history,
art, and literature or deepen our understanding of the latter (for examples, see the
work of Olson [3] and Huth [4]). Therefore, astronomy can serve as a topic for
projects across subjects and can help to get students engaged in science.
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69.2 Observing the ISS

The technical limitations of smartphones consequently limit the choice of objects
that can be observed and the types of measurements that can be performed with an
appropriate accuracy. The International Space Station is an ideal object to start with
due to its brightness (many smartphones can identify it) and speed (two observations
possible within 90 min; the transit lasts no longer than 6 min, which is consistent
with the maximal film duration of most smartphones). As depicted in Fig. 69.1, the
ISS orbits Earth in a nearly circular orbit. Therefore, one can calculate its orbital
velocity vISS via the following relation

2 � π � hISS
360� � ωapp ¼ vISS, ð69:1Þ

where hISS is the orbital height of the ISS [5] and ωapp the measured angular velocity
of the ISS in degrees per second. The orbital height of the ISS is measured from
Earth’s center, and so students should be led to understand that it can be estimated as
just slightly more than Earth’s radius (otherwise it would not be readily visible from
Earth). However, it does change slightly over time (e.g., to save fuel, evade debris,
etc.), so it is also useful to obtain a more accurate value from Ref. [5]. We can
measure ωapp by filming a transit of the ISS through the field of view (FOV) of a
smartphone camera. For many smartphones the FOV of the camera can be found on
the Internet. However, measuring the FOV is a fairly easy task that can also be
performed by the students themselves. A possible setup for this is depicted in
Fig. 69.2, where the camera is aligned to two reference points A and B. After
measuring the distances y and x, the FOV can be calculated via the following
relation:

hISS

Earth
ISS

Fig. 69.1 Overview: note
that the relative distance from
Earth’s surface to the ISS is
exaggerated

Camera

x

a

y y BAFig. 69.2 Measuring
the FOV
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FOV ¼ 2α ¼ 2 � arctan
� y
x

�
: ð69:2Þ

It is important that A, B, and the camera remain on one level, and that x and y are
perpendicular to each other. For this and the later filming of the transit, it is highly
advisable to use a tripod.

After a transit is filmed, ωapp can be calculated via the following formula:

ωapp ¼ FOV
t

, ð69:3Þ

where t is the time that passed between the ISS’s entering and leaving the FOV.
NASA offers a web service [6] to find out at which time the ISS is visible at a certain
location. When this method was tested with an iPhone 5 (Fig. 69.3), during two
consecutive transits, the velocity could be calculated within 90% accuracy of the
mean orbital velocity of the station of 7666 ms�1, as presented in Table 69.1. This
seems to be a fine result given errors due to weather conditions, problems with the
tripod mount, and �1 s and �0.5� observational error. One of the benefits of this
method is that there is no need for additional applications, i.e., the data can be
evaluated directly after the measurement.

69.3 Conclusion

The methods presented in this chapter are not only suitable for secondary education
but could also be used in a hands-on introductory astronomy class in college and
university. It should have become clear throughout this work that smartphones and
the oft-neglected topic of astronomy offer great chances to get students interested in
physics and enrich classes in other subjects.
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Fig. 69.3 The ISS crosses the FOV from right to left below Jupiter (both appear only as white
dots). The two pictures are unaltered stills from a video (shot with an iPhone 5 in an urban area)
taken 14 s apart as can be read off from the timecode

Table 69.1 Data from two
consective transits filmed
with an iPhone 5

Transition time (s) FOV (�) vISS (ms�1)

6 � 1 6.25 � 0.5 7700 � 1000

9 � 1 8.75 � 0.5 7200 � 1200

414 M. Kubsch and H. Härtig



References

1. Gill, R.M., Burin, M.J.: Enhancing the introductory astronomical experience with the use of a
tablet and telescope. Phys. Teach. 51, 87–89 (2013)

2. Backhaus, U.: Astronomie im Physikunterricht. In: Physikdidaktik, pp. 485–506. Springer
(2007)

3. Olson, D.W.: Celestial Sleuth – Using Astronomy to Solve Mysteries in Art, History and
Literature. Springer (2014)

4. Huth, J.E.: The Lost Art of Finding Our Way. Harvard University Press (2013)
5. http://www.heavens-above.com/IssHeight.aspx
6. http://spotthestation.nasa.gov

69 Smartphone Astronomy 415

http://www.heavens-above.com/IssHeight.aspx
http://spotthestation.nasa.gov


Determination of the Orbital Inclination
of the ISS with a Smartphone 70
Julien Vandermarlière

Space conquest is a very attractive subject. Who didn’t dream about being an
astronaut even once in his or her life? Recently, French astronaut Thomas Pesquet
spent almost 200 days in the ISS. As a French science teacher, I saw a chance to get
my students interested in a lot of topics. In this chapter we will expose a method that
can be used to determine the orbital inclination of the ISS using a smartphone. It can
be performed by even the youngest students. Moreover, the results of this experi-
ment will allow you to answer a question that one of them asked me: “Why does the
ISS track looks like a sine wave on a world map?”

70.1 Background

By definition, the orbital inclination of a satellite is the angle between the equatorial
plane of Earth and its orbital plane (Fig. 70.1).

The orbital inclination of the ISS is 51.6�. This is a compromise among a few
factors. Indeed, launching a rocket is extremely expensive and requires a lot of
energetic consumption. In order to minimize this consumption, you’d better launch
the satellite to the east in order to take advantage of Earth’s rotation. Therefore, 46�

would have been the most economic value since it is the value of the launch site’s
latitude in Baikonur, Kazakhstan. But the United States and Russia decided to
choose a slightly higher value to avoid the overfly of China during launch. This
particularly makes sense in case of an aborted or failed launch! Moreover, this high
inclination allows the space shuttle to overfly 75% of the planet and 95% of its
inhabited lands. The value of 51.6� is therefore a compromise between economic,
political, and scientific reasons. Further interesting information can be found at the
NASA website [1].
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In this experiment, a simple way to determine its value using basic triangulation is
shown. Triangulation was often used in the eighteenth century when scientists were
measuring the world. For instance, Delambre and Méchain, two French scientists,
used it while they were measuring the distance between the cities of Dunkerque and
Barcelona. This seven-year journey led to one of the first definitions of the meter
[2]. Nowadays, this is the method used by GPS satellites to locate yourself!

70.2 The Experiment

It has already been reported in this column that a smartphone’s sensors are good
enough to track the ISS [3]. In this experiment, a Samsung S5 and three android apps
are used. Dioptra™ [4] is a camera position and angle measurement tool. It allowed
us to record an ISS transit and measured its azimuth and altitude vs. time. Heavens-
Above [5] is a very helpful tool to plan an observation of a transit, and Mobizen [6] is
a screen recorder. Finally, Stellarium7 Astronomy Software [8] was used to compare
the experimental values and the theoretical ones.

Unfortunately, conditions were pretty bad: I was in town with a partially cloudy
sky, and it was only the beginning of dusk (Fig. 70.2). Nevertheless, it was good
enough to extract interesting data. In the video, two moments were chosen, one at the
beginning and one close to the end. They were chosen because the ISS was on the
center of the target. According to Heavens-Above, during this transit the maximum
elevation of the space shuttle was 38�, and its magnitude was �3.1.

To construct a rough trajectory of the ISS, we used triangulation. Only the
azimuths of the ISS from two different locations were needed (Table 70.1). The
experiment was conducted Feb. 7, 2019, in Cabestany (42.7�N, 2.9�E). The second
place chosen was Montpellier (43.6�N, 3.9�E). These are two cities located in the
south of France, distant by approximatively 125 km as the crow flies. The data for

Earth’s rotation

satellite orbit

orbital
inclination

I

I

Fig. 70.1 Orbital inclination (Credit NASA, illustration by Robert Simmon)
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Montpellier were simulated with Stellarium.4 Experimental and theoretical values
differ by only 2� or 3�, which is surprisingly good.

Now, you just have to draw a few lines using Google Earth and you are almost
done (Fig. 70.3)!

As this experiment is intended to be done by young students, let’s keep it as
simple as possible: draw two lines per location according to the azimuths in
Table 70.1. Their intersections create two points that support the ISS trajectory.

Extend the trajectory line till the equator, then measure the inclination (Fig. 70.4).
The value shown by Google Earth is the azimuth, calculated from the north, but the
orbital inclination reference is the equator plane. It is therefore necessary to perform
a very simple calculation to reach our goal:

90� � 37� ¼ 53� ð70:1Þ
The theoretical orbital inclination of the ISS is 51.6�. Only 1.4� separate the
experimental and theoretical values, which seems to be a pretty good result!

Fig. 70.2 Screenshot of the recorded transit

Table 70.1 Experimental and theoretical azimuths of the ISS

Local time
Experimental azimuths
(Cabestany)

Theoretical azimuths
(Cabestany)

Theoretical azimuths
(Montpellier)

18 h 41 min
15 s

340�W 343�W 334�W

18 h 41 min
51 s

3�E 5�E 356�W
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70.3 Comments

Using smartphones and triangulation to determine the ISS trajectory is very simple
and effective. We can suppose that all the other characteristics (speed, altitude) can
be calculated this way, even if it could be necessary to perform more complex
calculations because of the rotundity of Earth. It is also interesting to note that this
work can answer the question my student asked me. At the end of the video [7], we
can see the complete trajectory projected on Earth. By watching it, it’s now easy to
understand why it looks like a sine wave on a world map. It only remains to
understand that Earth rotates under this red line. The trajectory of the ISS, very
complicated at first, is now very easy to understand!
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Adaptation of Acoustic Model Experiments
of STM via Smartphones and Tablets 71
Michael Thees, Katrin Hochberg, Jochen Kuhn,
and Martin Aeschlimann

The importance of Scanning Tunneling Microscopy (STM) in today’s research and
industry [1] leads to the question of how to include such a key technology in physics
education. Manfred Euler has developed an acoustic model experiment to illustrate
the fundamental measuring principles based on an analogy between quantum
mechanics and acoustics [2, 3]. Based on earlier work (Chaps. 44 and 47) [4, 5]
we applied mobile devices such as smartphones and tablets instead of using a
computer to record and display the experimental data and thus converted Euler’s
experimental setup into a low-cost experiment that is easy to build and handle by
students themselves.

71.1 Experimental Background

The fundamental physical process of STM is the quantum mechanical tunnel effect
[6]: Applying a bias voltage between two conductive objects, i.e., an atomically
sharpened tip and the sample surface [7], results in a small electric current even
before they are in contact. Measuring this tunneling current as a function of the bias
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voltage and the tip position during different operating modes provides information
about the surface appearance (topography mode) and chemical structures like the
local electronic density of state (LDOS) of the sample (spectroscopy mode) [6].

Regarding topography mode, there are two basic ways to scan the sample [6]:
During the “Constant Current Mode” (CCM), a constant bias voltage is being
applied while moving the tip step-by-step over the sample with respect to a constant
measuring signal. To match this set point, the tip-sample distance is adjusted,
revealing the topography. During the “Constant Height Mode” (CHM), the tip is
moved over the sample without adjusting the height. Consequently, the instanta-
neous measuring signal provides the information about the topography.

However, there are some difficulties: If the surface consists of just one element,
the topography relates to the “real” position of the atoms. Other elements might not
be detected due to their different LDOS causing another behavior of the tunneling
current as a function of the bias voltage and the tip-sample distance. This behavior is
investigated during spectroscopy mode. By measuring the dependencies mentioned
above, it is possible to specify the involved elements at a fixed viewpoint [6].

71.2 Analogies

Based on the work of Euler [2, 3], we used the analogies in Table 71.1 to adapt the
model experiment.

The plastic bottles act as acoustic resonators, representing the (electronic) surface
configuration of different atoms or molecules. Hence, the measurable data relates to
the existence of acoustic resonators [2] and only one particular condition to the
“real” position of an atom.

71.3 Adapted Experimental Setup

To set up the experiment, just a few everyday materials are needed: two smartphones
or tablets (we used Apple iPod, 5th generation), two headsets, and some plastic
bottles (e.g., yogurt drinks; Fig. 71.1). In addition, we used the following
applications: Signal Generator, Noise [8], and SpectrumView [9].

Table 71.1 Analogies between quantum mechanics and acoustics

Quantum Mechanics Acoustics

Matter wave Sound wave

Tunnel effect Acoustic resonance

Bias voltage (¼ energy of electrons) Frequency

Tunneling current Sound pressure level (microphone)

Measuring amplification Sound pressure level (headphones)
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Each mobile device is connected to one headset. To build the measuring head
(tip), the headphone of device A is taped together with the microphone of the headset
of device B.

We added water to some of the bottles (up to a quarter of the bottle) to manipulate
their resonance frequency in order to receive two different types of acoustic
resonators (X and Y). The measurement signal is the sound pressure level (SPL)
detected by the Noise app on device B. On device A, we applied a sine wave with the
app Signal Generator using the resonance frequency of bottle type X. With this
setting, it is possible to detect type X but not type Y.

Fig. 71.1 Photo of materials and prepared tip

Fig. 71.2 Experimental setup of pre-experiment (left) and screenshot of measurement provided by
Noise app (right). The bottle types are marked
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Qualitative Pre-Experiment
The bottles are mounted on the same height level. The tip is slowly moved over the
surface by hand. To display the data, the view of the SPL over time provided by
Noise is to be chosen. The results showed that type X was detected, while type Y was
not (Fig. 71.2).

During topography mode, the bottles are mounted at different height levels,
forming the sample surface structure. To receive quantitative data, the surface is
scanned systematically. The height of the ground-tip distance and the SPL are
measured.

Quantitative Illustration of the Operating Modes
Constant Current Mode: During the scan, the tip is placed just above the middle of
the bottle opening and the ground-tip distance is adjusted with respect to a constant
SPL using a ruler or tape measure (Fig. 71.3, left). This ground-tip distance over
each bottle represents the topography, facing the problem that the position of type Y
does not relate to its “real” position (Fig. 71.3, right).

Constant Height Mode: During a one-dimensional scan, a step width of d ¼ 1 cm
was chosen. The results showed that for bottle type X the measuring signal
represented the topography, while bottle type Y was detected as type X with a
lower height level (Fig. 71.4). To receive more accurate values, the time-related
averaging offered by the Noise app can be used. Similarly, two-dimensional scans
are feasible.

Fig. 71.3 Experimental setup (left) and height diagram (right) of CCM. Constant SPL: 105 dB

Fig. 71.4 Experimental setup (left) and SPL-x diagram (right) of CHM. Ground-tip distance:
13 cm. Step width: 1 cm
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Instead of using a sine wave and varying the acoustic frequency during spectros-
copy mode, we applied a continuous acoustic spectrum (e.g., “white noise”),
modulated by the frequency response of the microphone (Fig. 71.5). Displaying
the received signal in a spectrogram (SPL-frequency diagram over time) provided by
SpectrumView, it is possible to determine the different resonance frequencies of
each bottle and to distinguish two different resonant structures, representing the
different energy levels of electron bands in our analogy.

71.4 Conclusion

We have presented a low-cost model experiment based on the ideas of Manfred
Euler to explore the fundamental measuring principles and operating modes of STM.
With this setup, students can reproduce the measuring process using just a few
everyday materials. Especially the application of smart mobile devices allows a
quick and clear presentation of the received data. Regarding students’ naive beliefs
[2] of atoms as hard balls, the visualization and the correct interpretation of the
experimental data remain main educational challenges. Considering the analogies
between quantum physics and acoustics, students are able to gain ideas about the
nonclassical nature of electron tunneling and the appearance of atoms and surface
structures on an atomic scale.

Acknowledgment Financial support by SFB/TRR 173 “Spin+X: Spin in its collective environ-
ment” (outreach project) of the Deutsche Forschungsgemeinschaft (DFG) is gratefully
acknowledged.

Fig. 71.5 Experimental setup of spectroscopy mode (left) and screenshot of measurement
provided by SpectrumView (right). The bottle types are marked
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