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Oscillatory motions are an essential part of our physical world. These motions
need to be studied and learned by students. However, complicated oscillatory
motions, e.g.: spring coupled pendulum, are rarely taught to students because
their analytical solutions (if they exist) are complicated Here, we use the Tracker
software to bridge between the actual coupled pendulum oscillation and its
analytical solution. This study aimed to determine the period and frequency of
Tracker software-assisted spring coupled pendulum oscillations. The
displacement of the pendulum is divided into in-phase and out-of-phase motions.
Data collection was carried out by recording the oscillatory motions up to 10
oscillations. The data were obtained from the pendulum position with respect to
time. The data analysis techniques in this study used two methods, namely: i)
Tracker software and ii) analytical calculations. The results showed that the
period and frequency obtained via the Tracker software were in accordance with
the analytical calculations. The periods of the in-phase motion and analytical
calculation were 1.42 s and 1.54 s, respectively. The periods of the out-of-phase
motions and analytical calculation were 0.7 s and 0.55 s, respectively. The
frequencies of the in-phase motion and analytical calculation were 0.70 Hz and
0.65 Hz, respectively. The frequencies of the out-of-phase motions and analytical
calculation were 1.50 Hz and 1.83 Hz, respectively. The uncertainty values of the
results were 7% to 22%. Hence, the spring coupled pendulum oscillations became
tractable and can be compared to the analytical solution.
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. Introduction

Oscillatory motion is a physical phenomenon that is
often encountered in everyday life. One of the
characteristics of oscillatory motion is periodic or
repetitive motion [1]. The repeated back and forth motion
of an object and then returning to its equilibrium position
is called oscillation. All objects that have mass and
elasticity can potentially vibrate given external forces
acting upon the objects. The characteristics of vibration
include frequency, amplitude, and waveform [2].

A popular example of oscillation is the motion of a
pendulum. A simple pendulum consists of a string and a
pendulum [3]. A simple pendulum is a basic physics
experiment for observing harmonic oscillatory motion.
An example of other than a simple pendulum oscillation
is the oscillation of two coupled pendulums connected by
a spring [4]. A spring as well as a pendulum is an object
that can return to its original state when given an external
force. If the two pendulums, which are connected by a
spring, are given a small deflection then they will move
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periodically. This may be referred to as a coupled
oscillation.

The coupled oscillations occur when two or more
oscillating systems are linked in such a way that energy
can be transferred between them. In coupled oscillations,
the magnitude of the force is proportional to the
magnitude of the displacement from the equilibrium
position [5]. The coupled oscillation simulation uses two
pendulums of the same mass connected by a spring.
Coupled oscillations correspond to the motion of
oscillating bodies within the same system. Experiments
on spring coupled oscillatory motion are rarely carried
out either in schools or universities. This is because such
experiments are complicated to study [6]. The
experimental activity of a spring coupled pendulum
oscillation requires data interpretation in the form of
tables and graphs.

The oscillatory motion of a coupled pendulum via a
spring or spring coupled pendulum is divided into in-
phase and out-of-phase oscillatory motions. The
oscillation of a spring coupled pendulum occurs in quite
complex dynamics, so to obtain data on the motion of the
pendulum, a device is needed that is able of recording the
event with high accuracy. To overcome this problem, in
this study, the observations of spring coupled pendulum
oscillations are carried out using video, which are then
analysed using the Tracker software.

Tracker software is appropriate for learning and
physics experiments. However, so far, physics
experiments in the laboratory have been carried out
conventionally or still use an analytical data collection
system, so the experimental data obtained are less
accurate. Moreover, the Tracker software has been used
for distance learning in the Advanced Physics Experiment
course [7]. In simple terms, a tracker has the ability to
track the motion of an object so that various information
can be obtained that is needed in the analysis of the
motion event [8]. By recording motion phenomena using
a video recorder, the results of these recordings can be
processed using the Tracker software. The data can be
conveniently interpreted in order to analyse the
phenomenon, especially for the spring coupled oscillatory
motion. The coupled system using a spring can be studied
from the data on the pendulums’ positions with respect to
time. The spring coupled pendulum system has been
studied using the Tracker software in [9]. However, their
investigation was focused on the beats produced by the
system [9]. Moreover, their system consisted of a rigid
pendulum, whereas ours use a string attached to two
spherical pendulums. Based on the description above, the
purpose of this study is to determine the period and
frequency of the Tracker software-assisted spring coupled
pendulum oscillation.

Il. Theory

Coupled Pendulum Oscillation
Oscillations occur when a system is disturbed from
its stable equilibrium position. The most well-known

characteristic of oscillatory motion is its periodic or
repetitive nature [10]. The spring coupled pendulum
system acquires data on the pendulums’ position relative
to time. In the coupled oscillations, two identical
pendulums with mass m are connected by a spring with a
spring constant k. The length of the spring is I, stretched
between the two pendulums in the equilibrium condition
with zero displacement [1]. Both pendulums move with
the equation of motions, i.e. [11]:

mi = —mg T~ k(x - ) 1)
mj = —mg >~ k(y - ) @)

where g is the acceleration due to gravity, x and y are the
positions of the first and second pendulums, respectively.
Here, the spring coupled pendulum oscillatory motion is
divided into two, namely in-phase and out-of-phase
oscillatory motions. This can be observed in Figure 1.

— —
(a) ®)

Figure 1. Spring coupled pendulum oscillatory with (a) in-
phase and (b) out-of-phase motions.

Solving the differential equations (1) and (2)
produces frequencies for the in-phase and out-of-phase
oscillatory motions. The frequency for the in-phase
oscillation is given as follows:

w1" =7 3)

Moreover, for out-of-phase oscillatory motion, the
frequency can be determined using the equation:

2k
0,2 =§ = 4

Spring

Spring is an elastic object that is used to store
mechanical energy [12]. Springs come in several forms,
namely: leaf, spiral, and disc. Springs are widely used in
vehicle suspensions because springs have the ability to
return to their equilibrium position when given an
external force so that they can keep the vehicle wheels in
their normal position [13]. The spring coupled pendulum
is composed of objects that have masses and are
connected to springs. This system can be used to study
wave propagation behaviour in physical systems [14].

Springs are usually represented by a constant, i.e.,
known as k. k is a constant of proportion between the
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value of the force F exerted on the spring and the value of
the increase in length Ax of the spring. This statement is
called the Hooke's law, which can be expressed as [15]:

_F
T Ax

®)
The value of k is also a measure of the stiffness of the
spring where the greater the value of k, the stiffer the
spring is [16].

Tracker Software

Tracker software is a video analysis and modelling
tool built on open-source physics with the Java
framework [17,18]. Tracker software can be freely
downloaded and utilized using a computer device [19].
Tracker software can analyse videos about natural
phenomena, especially those related to the motion of an
object, such as speed, velocity, acceleration, force,
gravitational field, and energy conservation [20]. Tracker
software is designed for physics learning and can be used
easily [21]. Tracker has the ability to provide users with
many ways of representing data, as well as providing
tools for multi-representation of experimental data [22].
Video tracking analysis using the Tracker software is
used to train multi-representational skills in the context of
physics [23]. In addition, the ability to read tracks of
object movements using the Tracker software can display
results in the form of images, tables, and graphs with
good precision [8]. In general, the tracker defines two
basic types of particle models, namely: analytical and
dynamic. The dynamic particle model can be expressed in
terms of Cartesian, polar, or two-body systems that
experiences internal and external forces. All physical
models studied using the Tracker software provide
control for defining various parameters, initial conditions,
and positions [24].

I11. Method

This was an experimental study, which was
equipped with confirmation from the theory of spring
coupled pendulum system. There were five experimental
stages in this study, namely: (i) preparing a spring-
coupled pendulum oscillation experiment, (ii) recording
the experiments for in-phase and out-of-phase oscillations
(see Figure 3), (iii) video analysis using the Tracker
software, (iv) calculating the period and frequency of the
in-phase and out-of-phase oscillatory motions, and (v)
comparing the experimental (Tracker) and analytical
(theoretical) results for the period and frequency values.
The design of the system in this experiment can be
observed in Figure 2.

The tools and materials used in this study were: i)
two identical pendulums with a mass of 100 grams, ii)
one spring, iii) one roll of nylon thread, iv) one 30 cm
ruler, v) one 100 cm ruler, vi) an Ohauss analytical

balance, vii) one protractor, x) a smartphone, and xi) a
laptop.

The data obtained were from the Tracker software
and analytical calculations as a comparison. The
experiments of the oscillatory motion of the spring
coupled pendulum were carried out using a variation of
five oscillatory motions, namely: in-phase, inward out-of-
phase, outgoing out-of-phase, pendulum (A) fixed and
pendulum (B) stretched, and pendulum (A) stretched and
pendulum (B) fixed. The data obtained from the Tracker
was the period T, where T is the time for one oscillation,
so the equation for determining the period was as follows:

T=t,—t (6)

where t; and t; were the start and end time of the
pendulum oscillation (s). In addition, f was the number of
oscillations in one second. The connection between f and
T was given by:

U]

~l -

f=

Furthermore, to determine the propagation of error
(uncertainty) for f the following equation was used:

Af = <%AT>2 ®)

where Af was the uncertainty of f and AT was the
uncertainty of T.

In addition to data analysis using the Tracker
software, this study wused analytical (theoretical)
calculation analysis. In this study there were two kinds of
motion, namely in-phase and out-of-phase oscillatory
motions with different equations. The oscillating motion
of a spring coupled pendulum was influenced by m, g, I,
and k. For the in-phase oscillatory motion, the value of
the frequency fi can be calculated based on Equation (3),
namely:

g
2 - <
w7 I
or
9
(1)1: T,
or
g
2T[f1=\/;!
or
1 /g
=— 9 9
fi=o ©

Meanwhile, for the out-of-phase oscillatory motion, the
value of the frequency f, can be calculated using Equation
(4), namely:
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2k
ws = %+—,
or
’g 2k
W, = T+R'
or

or

_ g 2k 10
T 2m l+m (10)

f2

Finally, the period of the oscillatory motion of a spring
coupled pendulum can be determined using Equation (7).

-_— —_— | -
0,585 m 0,585 m
k= 5,76 Nfm k= 5,76 Nfm
R AR AR RY - B D 2 N . Tyl LARAA
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(a) (b)
— — - |
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Figure 2. Experimental design of the spring coupled pendulum system with (a) in-phase oscillatory motion; (b) inward out-of-phase
motion; (c) outward out-of-phase oscillatory motion; (d) out-of-phase oscillation of pendulum (A) fixed and pendulum (B) stretched;

and (e) out-of-phase oscillation of pendulum (A) stretched and pendulum B fixed.

The spring coupled
pendulum

Smartphone

30cm

Figure 3. The experiment recording set-up.
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IV. Results and Discussion

The observation data obtained after recording and
analysing the video using the Tracker software can be
seen in Table 3 in the Appendix section. The oscillations
comprise of in-phase and out-of-phase motions of the
doubled pendulum. In order to satisfy the condition of the
analytical solution, a small angle of deviation is used in
the initial set-up of the pendulums, i.e.: of 5°. Moreover,
the rope length is 0.585 m for all variations of the
oscillatory motions.

The Tracker analysis in this study produces the T
data of the pendulums during oscillations. The data
collection is carried out until the pendulums experienced
10 oscillations. This is conducted to produce a consistent
value of T. The value of T can be used to determine the
value of f using Equations (6) and (7).

For the analytical analysis, the data needed first is k.
It is known that m is the mass of the load (0.0923 kg), g is
the earth's accelaration of gravity (9.8 m/s?), xo is the
initial length of the spring (7.3 cm), and x: is the final
length of the spring after being loaded (23 cm). Based on

Equation (5), k is obtained, namely: 5.76 N/m. The
coupled oscillatory with in-phase motion uses Equation
(3), while the coupled oscillatory of the out-of-phase
motion uses Equation (4).

A comparison of the results of the experimental data
with Tracker and analytical analysis can be observed in
Table 1. Inaccuracies in the research of coupled spring
oscillatory motion can be determined by comparing the
Tracker software and analytical results. Research
inaccuracies can be observed in Table 2. The
uncertainties of f and T are given by Equation (8) and the
standard deviation, respectively.

This study aims to determine the period and
frequency of the Tracker-assisted spring coupled
pendulum oscillation. First, we need to know the value of
the spring constant connected to the two pendulums.
Determination of the value of the spring constant in this
study uses manual analysis. Based on the arithmetic
analysis using Hooke's law, the spring constant value is
obtained, namely: 5.76 N/m. This constant value is used
in all oscillatory motions.

Table 1. Comparison of Tracker software and analytical calculation results.

Experiment Theory
Oscillatory Motion f T f
(H2) () (H2)

Pendulum A 1.42 £ 0.05 0.70 £0.03

In-phase Pendulum B 1.42 4 0.02 0.70 4+ 0.01 154 065
Pendulum A 0.67 £ 0.04 15+0.1

Inward Out-of-phase Pendulum B 0.66 + 0.06 15401 0.55 1.83
Pendulum A 0.7+0.1 15403

Outward Out-of-phase Pendulum B 07401 15403 0.55 1.83

Out-of-phase of Pendulum A

Fixed and Pendulum B Pendulum A 0.74£01 15403 0.55 1.83

Displaced Pendulum B 07401 1.5+03

Out-of-phase of Pendulum A Pendulum A 0.67 +0.08 15402

Displaced and Pendulum B - - 0.55 1.83

Fixed Pendulum B 0.7+0.1 15+0.3

Table 2. Uncertainties of Tracker software and analytical calculation.

- . ftracker feount Uncertainty Ttracker Teount Uncertainty
Oscillatory Motion (H2) (H2) (%) (s) s) (%)
In-phase Pendulum A 0.70 0.65 7 1.42 1.54 8
Pendulum B 0.70 0.65 7 1.42 1.54 8
Inward Out-of-  Pendulum A 1.50 1.83 22 0.67 0.55 18
phase Pendulum B 1.51 1.83 21 0.66 0.55 17
Outward Out-of-  Pendulum A 1.51 1.83 21 0.66 0.55 17
phase Pendulum B 1.52 1.83 20 0.66 0.55 17
Out-of-phase of
Pendulum A Pendulum A 1.52 1.83 20 0.66 0.55 17
Fixed and
Pendulum B
Displaced Pendulum B 1.51 1.83 21 0.66 0.55 17
Out-of-phase of
Pendulum A pendulum A 1.50 1.83 22 0.67 0.55 18
Displaced and
Pendulum B
Fixed Pendulum B 1.50 1.83 22 0.67 0.55 18
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In this study, we took two types of oscillations,
namely: in-phase and out-of-phase motions. Based on the
data analysis that has been done, the two types of
oscillatory motions show that the results obtained are
different. The factors that affect the oscillatory motion are
the earth's acceleration of gravity (g) and the length of the
rope (I). It can be seen in the in-phase motion that both
pendulums move in the same direction. Meanwhile, the
factors that influence the out-of-phase motion are the
earth's gravity (g), the length of the rope (l), the spring
constant (k), and the mass of the pendulum (m). It can be
seen that in the experiment the two pendulums move in
different directions. Thus, in the out-of-phase motion, it
is possible to transfer energy between pendulums to one
another, so that m and k affect or determine the value of T
and f. Therefore, the out-of-phase oscillatory motion is
faster than the in-phase oscillatory motion.

In this study, experiments on the oscillatory motion
of a spring-coupled pendulum are carried out using a
variation of five oscillatory motions, namely (see Figure
2): in-phase, inward out-of-phase, outward-out-of-phase,
out-of-phase with pendulum A fixed and pendulum B
displaced, and out-of-phase with pendulum A displaced
and pendulum fixed B. The data analysis uses the Tracker
software and the results are compared with the analytical
calculation.

In the analysis using the Tracker software, data
tables and graphs are obtained. The coupled system using
a spring is obtained from data on the pendulums’ position
with respect to time. From the time data, it can be seen
that the value of T is then used to determine the value of
f. Meanwhile, analytical calculation is obtained using the
equations of oscillatory motion. From this equation, f is
obtained and then used to determine T. The results of T
and f from the data analysis using the Tracker software
and analytical calculation can be observed in Table 2.

Based on the results obtained from the analysis
using the Tracker software and analytical calculation, it
can be observed that there are differences in the results of
T and f obtained. However, the difference between the
experimental results and analytical calculations (theory)
is not too different. The uncertainty of the results of this
study is 7% to 22%, which can be interpreted that 78% to
93% of the data obtained in the spring coupled pendulum
oscillation experiment are accurate. The uncertainty of
the research results is obtained because of the difference
between the results obtained using the Tracker software
and analytical calculations. Some of the influencing
factors include air friction and the mass of the string,
which affect the pendulum's oscillatory motion, as well as
the researchers' inaccuracy in measuring the time of the
pendulum’s oscillation. In the analytical solution, it is
assumed that the air friction can be neglected. However,
in the actual experiment, the air friction may affect the
pendulums’ oscillatory motion. Moreover, time tracking
for determining T of the pendulums using the Tracker
software depends upon the interpretation of the video by
the researcher. This may lead to subjective decision

making due to the uncertainty in determining the exact
position of the pendulums in order to be counted as one
period of oscillation.

V. Conclusion

Based on the results of the research that has been
conducted, it can be concluded that the period of the
spring coupled pendulum oscillation analysed using the
Tracker software is 1.42 s for the in-phase oscillation
motion, while for the out-of-phase oscillation motions the
period 0.7 s. These values are close to the period
calculated analytically, namely: 1.54 s for the in-phase
oscillation and 0.55 s for out-of-phase oscillation. The
frequency of the spring coupled pendulum oscillations
analysed using the Tracker software is 0.70 Hz for the in-
phase oscillation, while for the out-of-phase oscillations
the frequency is 1.50. These frequencies are close to the
analytical calculations, namely: 0.65 Hz dan 1.83 Hz for
the in-phase and out-of-phase oscillations, respectively.
The differences in the period and frequency values
between the Tracker software and analytical calcuations
are caused by the limitations of this study. Various
factors including air friction and masses of the string and
pendulum may affect the values of the period and
frequency. The limitation of the human hands in
manually tracking the motion of the pendulum may play a
role as well. Hence, recommendations for further studies
include using the automatic tracking feature of the
Tracker software, conducting the experiment in a
condition with less air frition or larger pendulum mass,
and using a reliable spring. On the other hand,
introducing these limiations to students is an appropriate
and/or arguably the best way to analyze the uncertainty
that may occur in the experiment, hence providing
students with the knowledge of experiment limitations
and its uncertainty.
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Appendix A: Observation results.

Table 3. Observation results using the Tracker.
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