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This study focused on using video analysis to track the acceleration due to gravity and
damping of a pendulum. The video tracker analysis software was proven effective in
collecting data from several physics experiments. This study offered new insights on
using a tracker and combining it with MS Excel to generate a damping graph. A
pendulum was set in motion and recorded with a high-speed camera from the iPhone
13. The footage was then analyzed using tracker video analysis, modeling software,
and Microsoft Excel to determine the amplitude and frequency of the pendulum's
motion. At the same time, the other variables were measured using traditional tools
(e.g., the length of the yarn using a meter ruler). The measured values were then used
to calculate the acceleration due to gravity and the damping constant of the system.
The results showed that the acceleration due to gravity was consistent with the
average accepted value, while the damping constant accurately represented what was
seen from the generated graph. Overall, this study demonstrated the effectiveness of
video analysis in tracking the behavior of physical systems and its potential
applications in various fields.
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Introduction

The concept of acceleration due to gravity is one of
the fundamental concepts in physics, and its
importance in the classroom cannot be overstated.
Gravity is one of the most fundamental forces in the
universe, and the concept of acceleration due to
gravity is critical to understanding how it works. Vidak,
Sapi¢, and Mesi¢ (2021) argued that by learning about
gravity in the classroom, students can gain a better
understanding of how objects interact with one
another, both on Earth and in space. Understanding
acceleration due to gravity is essential not just for
physics, but for many other fields as well. For example,
engineers designing roller coasters or spacecraft must
understand how gravity affects their designs (Sohn &
Hansen, 2019). Geologists studying the movement of

tectonic plates also need to understand the role of
gravity in plate motion (Niu, 2018).

Moreover, damping in a pendulum is essential to
understanding the behavior and stability of a
pendulum's motion. Damping refers to reducing or
eliminating the oscillations of a pendulum's movement
over time (Kecik & Mitura, 2020). In real-world
scenarios, some friction or resistance always opposes
the movement of a pendulum. Without damping, a
pendulum's oscillations would continue indefinitely,
leading to instability and unpredictable behavior
(Pfeiffer et al., 2023).

A few standard classroom experiments can be used to
measutre the acceleration due to gravity. A simple
pendulum experiment can determine the acceleration
due to gravity and damping. A pendulum's petiod is
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related to its length and acceleration due to gravity.
Therefore, by measuring the period of a pendulum,
students can calculate the acceleration due to gravity.
A damping experiment in the classroom can be
conducted to demonstrate the effects of air resistance
on a simple harmonic motion.

Measurement of the acceleration due to gravity and
damping using advanced tools is not new in physics
education. The study of Fatmala, Suyanto, Wahyudi,
and Herlina (2020) studied the acceleration due to
gravity together with their student using the Phyphox
application, while Bura, Jufriansah, and Donuata
(2022) used the Phyphox applications to improve
learning outcomes, especially in the area of eatly
knowledge acquisition and response including in the
concept of acceleration due to gravity. The research
conducted by Martin, Frisch, and Zwart (2020)
measured the acceleration due to gravity using video
analysis and yielded a 19.67 percent error. Fitria and
Darma (2022) used a tracker to measure the damping
constant of a spring in air and soapy water. This study
is unique because most of the literature cited did not
measure the damping constant or generate a graph of
damping, which can show the students that there is a
force of air resistance that causes the oscillation of the
pendulum to damp. Also, this research measured the
experiment's error propagation, which is not
commonly found in other literature.

The choice of Tracket's Video Analysis Software over
alternative applications is driven by its distinct
combination of accuracy, portability, and uset-
friendliness to understand the acceleration of gravity
and pendulum damping. Zhou et al (2019) argued that
Tracker's advanced algorithms ensure precise tracking
of frame by frame, a critical feature for accurately
capturing the subtleties in pendulum motion. The
software's flexibility, which enables it to accommodate
different experimental settings and enhance its
applicability for various physics studies, is beneficial
(Pennington et al., 2019).

This study tracked the acceleration due to gravity and
the damping constant of a simple pendulum attached
to a wool rug yarn. The objectives of this paper are: 1)
determine the relationship between period and length
of cord in a simple pendulum; 2) calculate the
acceleration due to gravity of a simple pendulum using
tracker video analysis; and 3) compute the damping
constant of a simple pendulum.

A pendulum is a simple mechanical device consisting
of a weight called a bob suspended from a rod or
string. When the pendulum is set into motion, it
swings back and forth in a regular pattern. The motion
of a pendulum is governed by several factors, including

the length of the pendulum, the mass of the bob, and
the acceleration due to gravity. The acceleration due to
gravity is a fundamental physical constant that
determines the strength of the gravitational force
between two objects.

The acceleration due to gravity plays a crucial role in
determining the speed and petiod of the pendulum's
motion. The acceleration due to gravity can be
considered the force that pulls the pendulum bob
downward towards the earth's center. The faster the
bob moves, the greater the gravitational force acting
on it, resulting in increased acceleration.

To derive the period of a simple pendulum, the
resultant force (F) on the bob equals Equation 1.

F=mgsin0 1)

Figure 1
The Components of the Force of a Simple Pendulum (Rajasekaran,
2009)

This force equals the general resultant force: F = mass
(m) times acceleration (a). Equating equation 1 and F
= m a yielded to Equation 2.

a=gsin 0 2)

Since the angle used in this experiment is small, a
simple harmonic motion equation a = -angular
frequency squared (®?) times displacement (x) can be
utilized. The displacement x can be calculated using

arclength (L) times the angle 6. Equating the simple
harmonic motion equation and equation 2 and using x

= 1O resulted in Equation 3.
g sin 0 = -(w?) LO 3)

This experiment used a slight angle, so following the
small angle principle, the sin O = 0. The angular

frequency equals 47 divided by the period (T). Finally,
the period T would be Equation 4.

- L
T—2n\/; 4)
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Equation 4 tells us that the period is proportional to
the square root of the length of the petiod square,
which is directly related to the cord where the bob is
connected. This means that if the length of a
pendulum is increased or decreased, the pendulum's
period will also increase or decrease respectively.
Therefore, a longer pendulum will have a more
extended period, while a shorter one will have a
shorter one. This relationship was discovered by
Galileo Galilei and is known as the law of isochronism
(Macuglia, 2021).

If the gradient of the period squared versus length is
plotted, the line formed has a gradient (G) equivalent
to Equation 5.

=&
G=% ©)
Therefore, the value of the acceleration due to gravity
(g) in Equation 6.

g = 4n*G (6)

The g has a value of approximately 9.8 ms? near the
Earth's surface. This means that if a pendulum is
dropped from a height of one meter above the ground,
it will take approximately one second to reach the
ground, and its speed will be approximately 9.8 ms->

Moreover, when a pendulum swings back and forth, it
experiences damping, which is a process that causes its
amplitude to decrease over time. Damping is caused
by air resistance ot friction in the pendulum's pivot.
The pendulum in this experiment experiences an
under-damping or light damping. In light damping, the
energy loss rate is relatively slower, and the
characteristic damping time for the system is relatively
longer compared to the heavily damped or critically
damped system. This means a system with light
damping will take longer to reach a steady-state
condition than other systems with higher damping.
According to MIT OpenCourseWare (2011), the
general solution for the displacement of an
underdamped oscillator is shown in Equation 7.

x(t) = Ae_bt/zm cos(wdt — o) 7)

In equation 7, the m is the mass, b is the damping
constant, wd is the angular frequency, and t is the
period. In a system with damping, the value of the
damping constant affects the system's behavior.
Specifically, higher values of the damping constant will
cause the oscillations to decay more quickly, while
lower values will result in slower decay. Therefore, the
damping constant is critical in determining how

quickly a system will reach equilibrium after being
perturbed.

Methods

All materials of this experiment are found in the
physics laboratory of the Presidential School of
Uzbekistan, Qarshi City, Uzbekistan. This is also the
location of the experiment. As seen in Figure 2, two
60 cm retort stands were assembled. These two stands
faced each other by a distance of 1.5 m.

The mobile phone was clamped on the other stand
with a view of where the oscillation happened. A 55g
load was attached to the rug yarn and fixed on the c-
clamped on the other retort stand. The load was
oscillated at an angle of 15 degrees. This position was
constant throughout the experiment. Six oscillations
were performed with varying lengths of the yarn. Each
of these oscillations was recorded in a high-speed
camera of iPhone 13.

Figure 2
The Materials in This Experiment

The video was uploaded to the tracker. The video was
filtered by rotating it depending on the alignment of
the video; in this experiment, it was rotated to 180
degrees. A calibration stick was inputted using the
length of the boss-clamped holder. In this paper, the
boss was 115 cm in length. Additionally, the
coordinate axis was shifted towards the mass or load.
This coordinate axis is shown as the purple crossed
line, while the calibration stick is the blue line parallel
to the boss, as shown in Figure 3.

The button tracked was clicked, and the center of mass
and auto track. To start the auto tracking, the key used
was the shift plus command in MacBook. The auto
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tracker was paused when the needed data were
collected.

Figure 3

The Interface of the Tracker Video Analysis and Modelling Software.
On The Right Side is The X-Displacement 1 ersus Time Generated
by the Software

¥ O massA m (55009 R massA © sync

1S 20 25 30 35 40 45
ts)
1=4.533 5 x=4.592 cm

Experimental Procedure

The independent variable of this experiment is the
length of the yarn used, while the dependent variable
is the period. This is easily spotted in Equation 4. The
length of the yarn started from 33.2 cm to 10.5 cm and
was measured using a meter ruler. There were six
lengths in total. The period was measured by taking the
difference of time from one amplitude to the next
amplitude using the graph of x-displacement versus
time generated in the tracker.

The variables that remained constant were the mass of
the load, the air resistance inside the physics
laboratory, the starting angle of oscillation, and the
type of rug yarn used. The mass of the load was
measured using a mass balance of 55g. The angle of
oscillation was taken by utilizing a protractor. A length
versus period squared graph was plotted using
Microsoft Excel when all data were gathered. A linear
best fit indicated a direct relationship between length
and time squared. The gradient of this line is Equation
5, and acceleration due to gravity is calculated using
Equation 6.

The damping constant is measured using equation 7.
The value of the spring constant of the rug yarn used
was calculated by dividing the load's weight by the
yarn's extension. The extension of the yarn was 1mm
by a load of 400g so the spring constant of the yarn is
an average of 3924 Nm™.

Result and Discussions
Acceleration due to Gravity

The variables needed to find the acceleration due to
gravity are the period and length of the rug yarn. Figure

4 is a sample of how the period can be measured. The
data points came from the tracker and were plotted in
Microsoft Excel. To measure the period from a
displacement-time graph of a pendulum, the one
complete oscillation of the pendulum on the graph was
identified. Then, the time it takes for the pendulum to
complete one full oscillation was measured by
calculating the time interval between two consecutive
points on the graph where the pendulum is at the same
position and moving in the same direction.

Figure 4
The Period of The Simple Pendulum, Whose Length Is 10.5 cm is
0.97 Seconds

X-Displacement Versus time of a Pendulum (Length = 10.5cm)

X-Displacement (cm)

Time (s)

The distance between these two points on the graph
represents the time for one complete oscillation,
equivalent to the pendulum's petiod. So, Figure 4 is the
period of amplitude two minus the period of
amplitude, equal to 0.97 seconds. This same process
was used to measure the period of the other lengths.

Equation 4 predicted that the trend for the data of
length and period must be increasing. According to
this equation, as the pendulum's length increases, the
period also increases, but not proportionally. This
relationship is nonlinear, and the period increases
morte slowly than the pendulum's length. This is shown
in table 1. However, on period squared versus time, we
can see that the period squared is directly proportional
to the pendulum's length. As the pendulum length
increases, the period squared will also increase. This
relationship is known as a direct proportion.

Table 1
The Period of Varying Lengths of the Yarn in a Pendulum
L(ecr;;gl)th Pe(rsl)o d Period Squared (s?)
332 1.29 1.67
29.5 1.21 1.46
24.5 1.13 1.28
20.0 1.05 1.1
15.5 0.97 0.94
10.5 0.87 0.76
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In Figure 5, the data in Table 1 were plotted using
Microsoft Excel. As observed from the plot, the length
of the wire of a pendulum versus the period squared,
a linear trend with a positive slope can be observed.
The slope should be equal to g/4n2or the equation 5,
where g is the local acceleration due to gravity. A
straight line of best fit is formed, which proves that the
theory in equation 4 is correct. This means that the
experiment has taken the correct data. Figure 5
presents a line of best fit that has a gradient of 25.431.
This gradient was substituted in equation 6 to compute
the acceleration due to gravity. The g was 1003 cm/s?
or 10.03 ms2. This 10.03 ms2computed g is near the
average value of g, which is 9.81 ms2. Using the
percent error formula, the percentage error on this
experimental value of g is only 2.24%.

This percent error is lower than the experiment of
Fatmala, Suyanto, Wahyudi, and Herlina (2020);
however, the authors used the phyphox mobile
application. Also, the study of Martin, Frisch, and
Zwart (2020) came up with a value of g, which is 11.74
ms-2, and this has a percent error of 19.7%. The
procedure of this experiment is better than Martin,
Frisch, and Zwart (2020) because both used video
analysis as a tool for finding the value of g. Wabeto
(2022) calculated g with a value of 9.79 ms? with a
percent error of 0.20%; however, he used different
tools like Adobe Photoshop and MATLAB
programming algorithms to track the simple
pendulum's movement.

Figure 5
The Gradient of the Length Versus Period Squared of a Simple
Pendnlum Is 25.431 cms?

Length versus Time Period Squared of a Simple Pendulum

y = 25.431x - 8.3299 b
» R2=0.996 o

Length (cm)

Time Period Squared (s?)

The acceleration uncertainty due to gravity can be
calculated using the error propagation formula on
division and power, as shown in Equation 8.

pg=g (5 +25) ®)

The uncertainty on the length is based on the minor
division of the ruler, Imm or 0.1cm (Fitzgerald et al.,
2011). The uncertainty on the tracker is based on the
literature. According to Marzari, Rosi, and Onorato
(2021), the uncertainty of the tracker is +0.1 ms=2.
Martin, Frisch, and Zwart (2020) also mentioned that
the uncertainty is £0.3 ms2 and Anni (2021) reported
a £0.08 ms2 uncertainty. By taking an average of the
uncertainty based on this literature, the uncertainty
used by this experiment on the period is 0.3s. Finally,
this experiment reports that the acceleration due to
gravity computed is (10.03 = 0.3) ms2 The accepted
value of g in Uzbekistan is 9.80 ms2, as determined by
an online gravitational acceleration calculator. This
calculator requires the user to enter the experiment's
location's latitude and elevation.

The lower limit of the value of g in this experiment is
9.73 ms?, which is shorter than the theoretically
acceptable value in the country. The error attributed to
this is that the air resistance affects the experiment.
The tracker is an ultra-sensitive device, so the
placement of the calibration stick should be
appropriately positioned; this experiment may have
positioned the calibration stick a little off from the
clamped boss.

Damping and its Constant

Damping in a pendulum is caused by energy
dissipation due to frictional forces such as air
resistance, the bearing friction at the pivot, and the
internal friction within the pendulum itself (Xiang,
2023). As the pendulum swings back and forth, it
experiences resistance from the surrounding air
molecules, which causes a loss of energy, resulting in
the dampening of its motion over time. As a result, the
amplitude of the pendulum's oscillations decreases
with time until it comes to rest.

Figure 6
The Pendulum of Length 15.5 cm Underwent a Light Damping on
Air. The Damping Constant Is 1.38 kgs”

Light Damping of a Pendulum (Length = 15.5 cm)

: 1 5o .o 19 . Te s .o
iy ol gy el o U A

X(t) = 4.4e"3%sin(6.5t - 3.6) + 3.6
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As observed from Figure 6 and Figure 7, the pendulum
exhibited damped oscillations where the oscillation
amplitude decreases over time but may do so with a
slow decay rate. The maximum displacement in Figure
6 is 8.07 cm and decays exponentially. This type of
damping is called underdamped or light damping.
Underdamping in a pendulum refers to a situation
where the pendulum is subjected to a damping force
that is less than the critical damping required to

prevent oscillations from continuing indefinitely
(Tahira et al., 2020).

The damping equation in Figures 6 and 7 follows a sine
wave. The tracker video analysis software can
determine the sine wave equation of this damping by
going into the analysis section of the generated graph
and choosing a damped sine as the analysis tool. The
equation in the tracker is similar to equation 7.

Based on Equation 7, the damping constant is
represented by b. The damping constant in Figure 6 is
1.38 kgs'!, and Figure 7 is 1.1 kgs'. The damping
constant in a pendulum represents the amount of
resistance to the motion of the pendulum due to
external factors such as air resistance or friction
(Hafez, 2022). A higher damping constant means more
damping and a quicker reduction in amplitude, while a
lower damping constant results in a slower amplitude
reduction. This only means that the pendulum in
Figure 6 has a faster mass per time in settling to the
resting position.

Figure 7
The Pendulum Of Length 15.5 cm Underwent a 1ight Damping on
Air. The Damping Constant Is 1.1 kgs-1.

Light Damping of a Pendulum (Length = 10.5 cm)

.
.
.

X-Displacement (cm)
.

N T e — swew saew iwna

7mes0
x(t) = 1.9e""tsin(7.3t - 2.3) + 1.9

Time (s)

Implications

The results of this research have many implications,
most especially in teaching and learning. Dynamic and
exciting learning experiences are offered to students
through modern educational technologies, such as
video analysis and modeling software. This way of
thinking may make physics more accessible and

exciting, which can foster an increased interest in the
subject. This approach could make physics more
accessible and exciting, giving rise to a broader interest
in the subject.

This software allows students to apply theoretical
physics concepts directly in real-world scenarios.
Tracking the acceleration due to gravity and damping
of a pendulum through video analysis bridges the gap
between abstract theory and tangible, observable
phenomena, enhancing students' understanding. The
study provides an opportunity for hands-on
experimentation and enables students to participate
actively in scientific activities. Students can catry out
experiments, collect data, and analyze results,
supporting a more vigorous and experiential learning
approach for physics.

Students acquire valuable quantitative analysis skills by
measuring the pendulum's frequency, period, and
deflection. Students will gain valuable quantitative
analysis skills by measuting a pendulum's frequency,
period, and deflection. Tracking and analyzing
pendulum variables requires critical thinking and
problem-solving skills. To encourage thinking of
inquiry and analytical thought, students are asked to
interpret the data, analyze its characteristics, and draw
conclusions. To foster a comprehensive understanding
of the topic, students can evaluate how physics
concepts are used in other areas like engineering or
biomechanics.

The success of this application may lead to
advancements in educational technology tailored for
physics education. Innovations in software and
hardware could further enhance the accuracy and ease
of conducting experiments, making physics more
accessible to a broader range of students. This
approach can enable teachers to produce vivid learning
experiences through visual metaphors that enhance
the effectiveness of teaching complex concepts clearly
and comprehensibly.

Conclusions

Based on the analysis of the video, the acceleration due
to gravity and damping of a pendulum can be
accurately tracked and calculated. Through the use of
various techniques such as measuring the amplitude
and petiod of the pendulum's oscillation, and
analyzing the video with tracker video analysis and
modeling software, precise and near-accurate
measurements were obtained. The experiment highly
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depended on modern educational technologies such as
mobile phones and computers. The acceleration due
to gravity was (10.03 £ 0.3) ms?; this value's lower limit
is 9.73 ms2. This value is close to the accepted average
value of g because the percent error was only 2.24%.
In addition, the tracker has also tracked the damping
of the pendulum in air and calculated the value of the
damping constant. Moreover, the data that were
calculated and gathered can offer valuable insights into
the behavior of a pendulum and its interactions with
its environment. Accurately tracking these variables
can also aid in designing and developing pendulum-
based systems used in various fields, ranging from
engineering to physics. Furthermore, tracking the
acceleration due to gravity and damping of a pendulum
through video analysis allows students and researchers
to apply their knowledge of physics concepts to real-
wortld scenatios. It can also serve as an effective tool
for demonstrating scientific principles in a visually
compelling way.
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