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Abstract. The paper describes the use of two lab tools of Inquiry-Based Learning
(IBL) and Science Technology Engineering and Mathematics (STEM) for the study of
the Kater pendulum. The first tool is based on Arduino microcontrollers and compatible
sensors while the second one uses Tracker Video Analysis (Tracker) software. The
laboratory experiment involves measurements of the oscillation period of the Kater
pendulum, finalized with for now classical calculation of the gravitational acceleration.
We compare the results obtained with both tools, finding a very good agreement
between them. Our aim is to motivate students on the study of STEM fields in their
future educational pathway by applying inquiry-based learning using these lab tools.
Key words: Inquiry-Based Learning, STEM, Kater pendulum, Arduino
microcontrollers, Tracker, physics education.

1. INTRODUCTION

Physics is often considered a hard subject to learn by high school and early
university students, since they have difficulties in understanding the concepts and
interpretation of the experimental data (despite the simplicity of most experimental
setups and equipments). Laboratory sessions are very important for understanding
basic physical concepts and establishing links with real situations. The authors
propose an alternative approach to the traditional methodology and tools.
Therefore, the study of the Kater pendulum using Arduino and Tracker software
may be achieved through laboratory experiments that are flexible, educative and
inexpensive.
Arduino is an efficient and exciting choice for physics experiments, because
it is an easy and inexpensive open-source electronics platform with a large
community of users [1]. Although Arduino was not originally developed as a tool
designated to perform physics experiments, it can be used by students in different
contexts of understanding experimental physics [2-7].
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Tracker Video Analysis and Modeling Tool is particularly built for video
analysis. It can be freely downloaded from Open Source Physics (OSP) and it is
available on multiple operating systems. Tracker software has been used with good
results in many experiments, from academic purposes to more complex
experiments and allows students to dynamically model and analyze the motion of
objects using recorded videos [8-11].
These two didactic tools are used for study of the Kater pendulum,
supporting the idea that students need to learn science by doing science, and the
role of the teacher has to move from an information transmitter to a facilitator of
the students' learning process. Arduino and Tracker were used in this paper to
support STEM (Science, Technology, Engineering and Mathematics) education
and inquiry-based learning approaches, essential for students to develop criticalthinking skills and engage in the process of understanding the Kater pendulum.
In this article, all experimental data was collected through an Arduino device
and Tracker and afterwards analyzed by the Origin graphics software.
2. THEORETICAL BACKGROUND

The reversible (Kater) pendulum is a special design of a normal physical
pendulum, so we start with a brief discussion about its properties and behavior [1216].
We consider a compound pendulum suspended from a fixed point O1 in the
field of the constant terrestrial gravity, as in Fig. 1. Let m be the mass of the
pendulum and I its moment of inertia about oscillation axis.

Fig. 1 – Compound pendulum.

The shape of the object is unimportant and let l1 be the distance between the
suspension point and the body center of gravity.
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If the pendulum is moved away from the stable equilibrium position by a
small angle θ, the equation of motion is as follows [12-13, 15-16]:
(1)
The above relation is the equation of a harmonic oscillator with pulsation:
(2)
If we consider a mathematical pendulum having the same pulsation as the
compound pendulum, its length is [12]:
(3)
lr is known as the reduced length of the pendulum and determine a point O2 on the
line defined by the suspension point and the center of gravity.
On the other hand, if we denote by I0 the moment of inertia of the physical
pendulum about an axis parallel with the oscillating axis but time passing through
its center of gravity and using the Steiner Theorem, we have:
(4)
With this consideration, the reduced length of the pendulum is:
(5)
The reduced length is greater than the distance between the center of gravity
and the suspension point by quantity:
(6)
We notice that
(7)
where k is the radius of gyration of the swinging body [16].
If now the body is suspended in point O2, the pulsation of the oscillations is
[12-16]:
(8)
where is the moment of inertia of the body around its new suspension point.
Using again the Steiner Theorem
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(9)
and equations (5) and (6), we obtain that
(10)
It follows that the pulsation does not change if we change the suspension
point from O1 to O2. Equation (8) is the fundamental equation of the reversible
pendulum: such a pendulum has two suspension points situated at distances l1 and
l2 from the center of mass. The period of small oscillations from each of these is
[16]:
(11)
(12)
If the distances l1 and l2 are adjusted as the periods of oscillation are equal,
, equating relations (11) and (12), we obtain the radius of gyration,
, as it is expected from (7), and the period of oscillation is:
(13)
with
(14)
Relation (13) may be used to obtain the gravitational acceleration with great
accuracy, because what is required is to determine the distance between the two
suspension points, lr, when the periods of oscillation are equal.
3. EXPERIMENTAL SETUPS AND METHODS

In this paper, we suggest two alternative methods for measuring the
oscillation period of the Kater pendulum: by means of the Tracker software and a
second one by using a sensor connected with an Arduino device. The gravitational
acceleration was determined by both methods, and the results were compared with
the real value.
We present in Fig. 2 the experimental setup of the Kater pendulum. The
image is taken by the video camera used for recording the videos later employed in
the Tracker software. The experimental setup consists of a metallic rod (physical
pendulum) and two bearing sleeves with a negligible mass sliding on it. The
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bearing sleeves have fastening screws, denoted by A and B. The bearing sleeve
stands on two bolts in the shape of a knife. It is very important that the bolts are
correctly aligned, in order that the rod can freely oscillate. These two supports will
provide the oscillation and rotational centrum of the pendulum.

Fig. 2. – Experimental setup for the Kater Pendulum. The image is taken by the video camera used for
later recording the whole experiment. The full color version may be accessed at
http://www.rrp.infim.ro/rrp/.

In Fig. 3 we show details of the experimental setup with the Arduino device
and the Tracker video analysis software.
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b)

Fig. 3. – Experimental setups: a) pendulum with Arduino device; b) pendulum with Tracker video
analysis software. The full color version may be accessed at http://www.rrp.infim.ro/rrp/.
3.1 Arduino – Didactic Tool for Studying the Kater Pendulum

Arduino is an electronic Open Source platform. It basically consists of a
motherboard that can be connected with peripherals, sensors, and electronic
devices. The instrument has also attached an LCD screen and a control panel.
The software for Arduino is free of charge. In Fig. 4, we present a detail view
of the device used for our measurements.

Fig. 4 – Arduino device with an LCD screen and a control panel attached. The full color version may
be accessed at http://www.rrp.infim.ro/rrp/.

Arduino device was connected with an infrared (IR) detector based on a
TSOP (Thin Small Outline Package - an IR receiver for short) detector (Fig. 5).
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Fig. 5 – IR sensor with a TSOP device connected to the Arduino LCD control panel. The full color
version may be accessed at http://www.rrp.infim.ro/rrp/.

The sensor works as it is schematically shown in Fig. 6: a LED (Light
Emitting Diode) emits radiation in the IR domain and the beam is reflected by the
pendulum rod. The reflected light comes back to the detector, transformed by the
TSOP sensor in an electric signal, amplified and then sent to the Arduino device.
The sensor interacts only with the IR radiation and is not influenced by the light
from the visible spectrum coming from the Sun or from the ambient light.

Fig. 6. – Measurements with Arduino setup (adapted from
https://forelectronics.wordpress.com/2014/05/09/tsop-based-ir-sensor/). The full color version may be
accessed at http://www.rrp.infim.ro/rrp/.
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The device measures two periods of time: first one represents the duration of
time when the photocell does not detect anything and the second is the period that
shows the time when the pendulum passes in front of the detector. If the detector is
placed at one of the extremities of the pendulum trajectory (in a maximum point of
the amplitude), then by adding the two periods of time we can find the oscillation
period.
We registered data for 30 oscillations (for a certain distance between the
bearing sleeves), and the records were analyzed on a computer.
Two sets of measurements were performed: first set - when the top bearing
sleeve, denoted with A in Fig. 2 is moved and the bottom bearing sleeve denoted
by B is fixed. In this way, the
period of the Kater pendulum is determined. For
the second set of measurements, the position of the bearing sleeve B was changed
period of the Kater pendulum is therefore measured.
and A stayed fixed. The
The dependence of the two frequencies on the stance between the bearing sleeves
is depicted in Fig. 7.
Using the coordinates (x, y) of the intersection between the fitted curves of
the experimental data from Fig. 7, the reduced length of the pendulum and the
period
are determined. The obtained values are:
,
and by using equation (13) we can estimate the value of the gravitational
, that represents a very good value in terms of
acceleration
precision.

Fig. 7 – The dependency of the oscillation periods T1 and T2 on the distance between the bearing
sleeves obtained with the Arduino setup. The full color version may be accessed at
http://www.rrp.infim.ro/rrp/.
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3.2 TRACKER VIDEO - DIDACTIC TOOL FOR STUDYING THE KATER PENDULUM

Tracker is generally used for tracking moving objects and reporting their
position and orientation. For this reason, the software provides powerful analysis
tools that are very convenient for investigating the oscillating motion. A regular
video camera (30 fps, resolution 1280 x 720 pixels) was employed to record the
movement of the pendulum, in the same type experiment that we described before
with the Arduino setup.
The only changes were to install the camera near the pendulum and to attach
a grading ruler, in order to have the reference for dimensions. In order to be easier
for the software to trace the pendulum, some marks were made on it. The marks are
very light and they did not influence the pendulum’s behavior.
After the oscillation experiment, the videos were downloaded to the computer
and modeled with the Tracker software. After the calibration of measurements,
Tracker was able to automatically measure distances between points, angles, etc. at
different moments of time. In the experimental setup used in our case, a very
important point was the reference to the coordinate axis. The origin of the
coordinate axis was chosen in the center of oscillation, as indicated in Fig. 8.

Fig 8 – Screenshot of Tracker setup for the calibration phase. The full color version may be accessed
at http://www.rrp.infim.ro/rrp/.

12

Author

10

After the calibration phase a reference point denoted as mass point by the
software documentation is created. This point is followed by the software and
cinematic quantities related to it may be then computed. For example, having the
projection of the position vector on the Ox axis and the time, the projection of the
velocity on that axis may be calculated. The calculated data are on the right side of
the window (Fig. 9.a). It is not necessary to select all the data that can be calculated
right from the beginning; the software stores them and supplementary information
can be computed (at any given time). For our experiment, the most interesting
physical quantity is the angle θ between the rod and the vertical axis Oy. It is
important to check for each experimental determination the condition of small
oscillations (
).
Moreover, the program plots graphics of the determined quantities. For
example, we can build the graph of as function of time, in order to check if the
motion of the pendulum is really a periodical one and we can measure the period of
the oscillation that is then needed for the calculation of the gravitational
acceleration.

a)
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Fig. 9 – Screenshot of Tracker for: a). Set-up of the point mass and selection of the measured
quantities. b) The software automatically tracking the point of reference. The full color version may
be accessed at http://www.rrp.infim.ro/rrp/.

Once a mass point is created the tracking can be initiated. This operation can
be done in two ways: manual and automatic. The manual process is very laborious
and time consuming, taking into consideration the necessity to click on each frame
during the experiment (the number of frames is very high - hundreds per each
processed video). Or, we can let the software do the tracking automatically. For
this, a certain area (mark) is selected (Fig. 9.b) and the software automatically
detect the areas that better fit with the reference one and automatically calculates
the position and other information about it (frame by frame). All the points that
correspond with this fit are marked on the screen and form a sequence of dots on a
diagram (Fig. 9.b and Fig. 10). Meanwhile, the data tab is filled and the graph is
drawn.
Once the tracking is finished the data tab will contain the raw numbers and
the associated graphs, (Fig. 10), where the projection of the position of the
pendulum on the Ox axis and the deviation angle are tracked and their variation
with time is displayed.
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Fig. 10 – Screenshot of Tracker showing the acquired data for different physical quantities (time, Ox
position, deviation angle etc.) and some associated graphs. The full color version may be accessed at
http://www.rrp.infim.ro/rrp/.

After establishing a particular area to be followed, the software recognizes
the fits and records the significant information. For our experiment, the tracking
was done for a relevant number of periods (at least 10) and the average period is
calculated (by using the plots). The measurements were performed in parallel with
the Arduino ones for a given position of the bearing sleeves.
The acquired experimental data was processed in the same way as those
achieved with the Arduino device. In the end, we obtain the graph shown in Fig.
11.
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Fig. 11 – The dependency of the oscillation periods T1 and T2 on the distance between the bearing
sleeves obtained by the Tracker setup. The full color version may be accessed at
http://www.rrp.infim.ro/rrp/.

From the intersection point of the two graphs the reduced length was
obtained:
, that is corresponding to a period
. From
these data the value of the gravitational acceleration is calculated from equation
(13) and we get
, in full agreement with the gravitational
acceleration value for the experiment location .
One can notice that the two data sets lead to very close values for the reduced
lengths and periods. For a better picture, we show in Fig. 12 the achieved
experimental data and the associated fits corresponding to both physical methods.
Hence, we emphasize that we managed to obtain similar experimental results by
employing two obviously different investigational approaches (Arduino and
Tracker setups).
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Fig 12. – Evaluation for the experimental data obtained by the two investigational approaches (the
Arduino setup and the Tracker method). The final results (plots) are highly comparable. The full color
version may be accessed at http://www.rrp.infim.ro/rrp/.

4. CONCLUSIONS

Simultaneous physical investigations performed with Arduino setup and
Tracker method facilitate for a comparative analysis of these two experimental
approaches, having as main reference the classical experiment for finding the
gravitational acceleration by means of a Kater pendulum. This comparative study
also allows us to confirm the accuracy of the two chosen methods.
We conclude that the results obtained for the gravitational acceleration by
means of the two tackled techniques are quite similar and extremely close to the
actual value.
The physical approaches and related activities described in this paper were
designated to stimulate the students' curiosity regarding the study of the Kater
pendulum. In this manner, following the process of implementing the experimental
tasks students may acquire a broad series of educational skills through discussions
covering technical issues, scientific subjects and experiential learning.

15

Title of the article (maximum 40 characters including blanks is suggested)

17

REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

B. Kos, M. Grodzicki, R. Wasielewski, Eur. J. Phys. 39(3), 035804 (2018).
https://www.arduino.cc/
K. Zachariadou, K. Yiasemides, N. Trougkakos, Eur. J. Phys. 33(6), 1599-1610 (2012).
M. Oprea, C. Miron, Rom. Rep. Phys. 68(4), 1621–1640 (2016).
F. Bouquet, J. Bobroff, M. Fuchs-Gallezot, L. Maurines, Am. J. Phys. 85(3), 216-222 (2017).
S. Dinu, B. Dobrica, S. Voinea, Rom. Rep. Phys. 71, 905 (2019).
D. Pantazi, S. Dinu, S. Voinea, Rom. Rep. Phys. 71, 902 (2019).
V. L. De Jesus, C. Haubrichs, A. L. De Oliveira and D. G. Sasaki, Eur. J. Phys. 39, 025704
(2018).
J. Poonyawatpornkul, P. Wattanakasiwich, Eur. J. Phys. 36, 065027 (2015).
J. Bonato, L. M. Gratton, P. Onorato and S. Oss, Phys. Educ. 52, 45017 (2017).
P. Onorato, P. Mascheretti, A. DeAmbrosis, Eur. J. Phys. 33(2), 385-395 (2012).
A. Hristev, Mechanics and Acoustics, Didactic and Pedagogical Publishing House, Bucharest,
1984.
G. L. Baker, J. A. Blackburn, The pendulum. A case study in Physics, Oxford University Press,
2005.
M. Rossi, L. Zaninetti, Cent. Eur. J. Phys. 3(4), 636-659 (2005).
L. P. Pook, Understanding Pendulums. A brief introduction, Springer, Dordrecht, 2011.
D. Kleppner, R. J. Kolenkow, An introduction to mechanics, McGraw-Hill, 1973.

