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INTRODUCTION

Abstract :

The value of gravitational acceleration (g) varies across different
locations depending on the distance from the surface to the Earth's
center of mass. Additionally, the value of ggg is influenced by the data
processing method employed. This study aims to determine the Earth's
gravitational acceleration in the Banten region using a pendulum
assisted by the Phet pendulum-lab simulation. The experiment was
conducted using two methods: the average technique and the weighted
average technique. For the average technique, the period was measured
10 times for a string length of 80 cm. For the weighted average
technique, the period of the pendulum swing was measured at varying
string lengths from 80 to 100 cm, with five variations, each measured
10 times. The results of the study showed that the gravitational
acceleration determined using the average technique was 9.72 + 0.28
m/s2, while the weighted average technique yielded 9.78 + 0.08 m/s.
With the reference value of gravitational acceleration being 9.80 m/s2,
the weighted average technique successfully corrected the relative
error from 0.82% to none. Moreover, the determination of gravitational
acceleration using the weighted average technique produced more
accurate results compared to the average technique. This study also
confirms that the PhET simulation is an effective and reliable tool for
measuring gravitational acceleration, particularly when physical
experimental conditions are less than ideal. The weighted average
technique significantly contributes to improving measurement
precision, making it valuable for both physics research and education.
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Gravitational acceleration is one of the most fundamental physical constants, connected to
various natural phenomena and technological applications. Generally, gravitational acceleration,
symbolized by the letter 'g," varies at different points on the Earth's surface and depends on several
factors, including altitude and geological conditions (Serway & Jewett, 2018). In this context,
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understanding and measuring gravitational acceleration is central to the study of physics, particularly in
the analysis of the motion of objects(Halliday et al., 2013).

The value of Earth's gravitational acceleration varies across different locations. Besides altitude,
this difference may also occur due to uncertainties in gravity measurement (Khairul Sabri et al., 2024).
Earth's gravitational acceleration is not uniform at every location on the Earth's surface, as it depends
on the height at which the object is located. Since changes in altitude affect the magnitude of the Earth's
central gravitational force acting on the object, the gravitational acceleration also varies (Pratiwi, 2024).
Additionally, differences in the region's coordinates relative to the Earth's equator and altitude above
sea level can influence the value of Earth's gravity(Medellu et al., 2023).

Earth's gravitational acceleration can be measured using various experimental methods, one of
which is a mathematical pendulum consisting of a single mass point m suspended by a string, with
negligible mass, where the upper end of the string is fixed to a stationary wall (Aisiyah et al., 2022).
Factors affecting the pendulum's swing include period, frequency, gravitational force, and the length of
the pendulum'’s string. When an object is released from a certain height, it falls and moves toward the
Earth's center. The acceleration experienced by the falling object is caused by Earth's gravitational force.
In a simple pendulum system, the object's motion along the axis is influenced only by Earth's gravity,
and the pendulum'’s period can be calculated using Equation 1 (Giancoli, 2014).

One of the main challenges in this research is minimizing experimental errors and improving
measurement accuracy, particularly in measurements highly sensitive to variables such as string length
and swing angle. The use of a weighted average technique in data analysis is one approach designed to
address this issue, allowing for the integration of varying measurement results to produce more accurate
and reliable values. This approach not only compensates for minor variations in data but also reduces
the influence of data with greater uncertainty, helping to achieve more consistent conclusions

With technological advancements, digital simulations have become a highly useful tool in
teaching and research. Information and Communication Technology (ICT) is necessary to support
today's students, who may find traditional teaching methods tedious, in learning complex scientific
concepts. Computer simulations have great potential to enhance students' conceptual understanding and
help bring abstract concepts into everyday teaching (Rehman et al., 2021). Simulation-based learning
has also proven more effective in improving student achievement compared to conventional physics
teaching methods (Najib et al., 2022). Virtual laboratories have the advantage of replicating more
scenarios than are typically analyzed in theoretical and practical classes. Additionally, these laboratories
are an excellent complement for verifying answers in problem-solving (Chiodi et al., 2021).

PhET simulations, as an interactive learning tool, have proven effective in enhancing students'
understanding of physics concepts, including gravitational acceleration. The use of this simulation
allows students to conduct virtual experiments that demonstrate the laws of gravity and free fall, thereby
providing a more immersive learning experience (Rizaldi et al., 2020; Verdian et al., 2021; Prastika et
al., 2020). One well-known medium in this context is PhET Interactive Simulations, a platform that
offers interactive simulations for various physics concepts. PhET serves as an important bridge between
classroom learning and laboratory experience in Physics Education courses (Saudelli et al., 2021). The
use of PhET in pendulum experiments allows students and researchers to conduct experiments virtually,
minimizing experimental errors and enriching conceptual understanding through in-depth visualization.
The discovery learning model supported by PhET simulations can enhance physics learning strategies
and is effective in improving student activity and learning outcomes. Therefore, this approach is
recommended for application in physics teaching, especially for simple harmonic motion material
(Kristantiniati & Ishafit, 2022). The integration of technology through the use of PhET creates an
engaging learning experience, enhances student motivation, facilitates concept understanding, and
encourages active engagement in the learning process. Therefore, the application of PhET is
recommended in learning activities(Pranata et al., 2024).

Previous studies have highlighted the variability of Earth's gravitational acceleration across
different locations, influenced by factors such as altitude, geological conditions, and coordinates relative
to the equator (Serway & Jewett, 2018; Medellu et al., 2023). Traditional methods, such as using a
mathematical pendulum, have been employed to measure gravitational acceleration; however,
minimizing experimental errors and improving measurement accuracy remain significant challenges,
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particularly when dealing with variables like string length and swing angle (Aisiyah et al., 2022).
Advances in technology, such as PhET Interactive Simulations, have demonstrated effectiveness in
enhancing conceptual understanding and reducing experimental errors (Kristantiniati & Ishafit, 2022;
Pranata et al., 2024). However, the integration of PhET simulations with the weighted average technique
to improve the precision of gravitational acceleration measurements has yet to be extensively explored.
This study addresses this gap by combining PhET simulations and the weighted average technique to
provide more accurate and representative values of gravitational acceleration. The approach not only
enhances the accuracy of gravitational measurements but also reinforces the role of simulation
technology in physics education, offering an innovative and practical solution to overcome limitations
in traditional experimental methods.

The weighted average technique in determining gravitational acceleration can be used to analyze
data obtained from simulations. This method allows for the integration of multiple measurements to
obtain a more accurate value, considering that gravitational acceleration measurements can be
influenced by various factors such as location and environmental conditions (Rosdianto, 2017; Toda et
al., 2020; Salim et al., 2022). In this context, the experiment conducted by Nurhayati et al. demonstrates
that measurements taken with the appropriate method can yield consistent and reliable values for
gravitational acceleration (Nurhayati et al., 2021; Toda et al., 2020).

This paper discusses the method of determining Earth's gravitational acceleration using a simple
pendulum with the aid of PhET simulations. The study aims to determine Earth's gravitational
acceleration in the Banten region using a pendulum assisted by the Phet pendulum-lab simulation mode.
This simulation allows researchers to minimize experimental errors and enrich the understanding of
gravity through in-depth visualization. Additionally, the weighted average technique is used in data
analysis to produce more accurate and representative gravitational acceleration values. Thus, this
research not only contributes to gravity measurement methods but also strengthens the role of simulation
technology in physics education. Furthermore, this study provides new insights into the effectiveness of
using simulations in physics education.

RESEARCH METHOD
Research Design

This study employs an experimental design with a quantitative approach. The research objective
is to determine Earth's gravitational acceleration using a pendulum through the PhET simulation
medium. The experimental process is conducted virtually with the aid of interactive simulations to
collect data on the pendulum's period and string length. The PhET simulation allows for the interactive
adjustment of experimental variables, such as the height of the fall and the mass of the object, which
can influence the measurement results (Sabri, 2024).

Research Procedure

The primary tool used in this study is a computer or a device that supports PhET simulations,
specifically the pendulum lab simulation. Additionally, data analysis software, Microsoft Excel, is used
for data processing. The repeated measurement procedure is as follows:

1. Open the web page at: https://phet.colorado.edu/en/simulation/pendulum-lab.
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Figure 1. Pendulum lab menu in the pendulum lab simulation.

2. Activate the "pendulum lab" menu as shown in Figure 1, and click on the right-facing
triangle.

3. Click "ruler" and "stopwatch™ in the lower-left corner of the page to activate the ruler
and digital stopwatch. Position the stopwatch so it does not interfere with other tools.

4. Set the string length to 0.8 m by adjusting the "length 1" button. Use the ruler to ensure

the length is accurate.

Set the mass to 2 ounces by clicking the "mass 1" button.

Select "Earth" gravity or leave it as default.

Remove friction.

Displace the pendulum to the desired angle (do not make it too large). A simple

protractor is available to estimate the displacement angle.

9. Release the pendulum and record the time for 10 swings in seconds and hundredths of
a second.

10. Stop the pendulum and the stopwatch by clicking the black triangle button at the bottom.

11. Record the time for 10 swings.

12. Reset the pendulum to its vertical position by clicking the red circular "reset" button at
the bottom of the pendulum. Repeat steps 9-12 ten times.

13. Repeat step 12 for different string lengths until 5 variations are completed. Previous
studies have shown that free-fall time measurements can be conducted with high
accuracy using digital instruments or sensors, which can also be applied in simulations
(Rosdianto, 2017; Hamdani & Supardiyono, 2020).

o No g

Data Analysis Technique

Data analysis is conducted using a weighted analysis technique to ensure the accuracy and validity
of the results obtained. The analysis steps are as follows:

1. To determine the average period and its error, the following equations are used:

N 1)

)

where T, is the i-th period, and N s the number of experimental repetitions.
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2. For repeated measurements, the average gravitational acceleration is determined using the
following equations:

4772
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(4)
where T is the average period, and sq is the standard deviation of g.

3. The weighted average assigns greater weight to data considered more accurate or relevant,
thereby enhancing the accuracy of the results (Muspa & Suwondo, 2020). For the weighted
average technique, the average gravitational acceleration is determined using the following
equation:

‘ ()

_ 61
9 :% ZST
=1 (6)

where 91 is the i-th average gravitational acceleration.

RESULTS AND DISCUSSION
Table 1 presents the repeated measurement data for the pendulum's period taken 10 times for a
string length of 80 cm.

Table 1. Repeated Measurements of Pendulum Period for a Given String Length.
String length, |

No (80 cm) Periode
1 80 1,80
2 80 1,82
3 80 1,80
4 80 1,82
5 80 1,80
6 80 1,80
7 80 1,80
8 80 1,80
9 80 1,81

10 80 1,80

Using the period data and the corresponding equations (3) and (4), the calculated gravitational
acceleration is: g = 9,72 + 0,28 m/s?.
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Table 2. Repeated Measurements of Pendulum Period for 5 Variations in String Length
Periode (s)  Periode (s)  Periode (s) Periode (s)  Periode () Ts

No T1(80cm) T,(85cm) T5(90 cm) T4(95 cm) (100 cm)
1 1.80 1.86 1.92 1.96 2.02
2 1.82 1.85 1.91 1.97 2.01
3 1.80 1.86 1.90 1.96 1.99
4 1.82 1.85 1.92 1.97 2.02
5 1.80 1.86 1.91 1.95 2.01
6 1.80 1.86 1.89 1.94 2.02
7 1.80 1.85 1.86 1.96 1.95
8 1.80 1.84 1.92 1.95 1.92
9 181 1.86 1.90 1.94 1.98
10 1.80 1.85 1.92 1.95 2.01
Trat 1.81 1.85 1.90 1.95 1.99

To determine gravitational acceleration using the weighted average technique, Table 2 displays
the average period and corresponding gravitational acceleration. The period and its associated error for
a given string length were calculated following equations (1) and (2), while the gravitational acceleration
and its error for a given string length were determined using equations (5) and (6).

Table 3. Pendulum Period and Gravitational Acceleration for Variations in String Length

No String length Periode (s) Gravitational Az\cceleratlon
(cm) (m/s%)
1 80 1,810 £ 0,007 9,72 £ 0,28
2 85 1,850 + 0,009 9,75+0,13
3 90 1,900 £ 0,008 9,77 +£0,19
4 95 1,950 = 0,008 9,85+ 0,20
5 100 1,990 + 0,007 9,92 £0,39
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Figure 1. The graph of Earth's gravitational acceleration with varying string lengths.
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The necessity of using the weighted average technique arises from the observed tendency of
the gravitational acceleration g to vary with the length of the pendulum L. As the length increases, the
value of g also tends to increase. Therefore, determining g based on only one specific length is not
entirely accurate. This is where the importance of determining g using the weighted average technique
becomes evident. This technique accounts for variations in g and incorporates the weighting factors
associated with the uncertainties.

The gravitational acceleration and its uncertainty, calculated using the weighted average
technique according to equations (5) and (6), resulted in a value of g : 9,78 + 0,08 m/s?

Table 4. Comparison of Gravitational Acceleration between Two Methods.

Technique Used Gravitational Acceleration Relative Error
g (m/s?)
Average Measurement 9,72 0,28
Weighted Average 9,78 0,08

Technique

The pendulum experiment using the PhET simulation demonstrates variations in the measured
values of Earth's gravitational acceleration across different string lengths. The results obtained from the
experiment can be seen in Table 1. Although there are slight differences among these results, they
generally fall within the range close to the standard value of Earth's gravitational acceleration, 9.8 m/s2.

The variation in measurement results can be attributed to the experiment's sensitivity to string
length and uncertainties in measuring the period of oscillation. Results with lower uncertainty, such as
9.75 £ 0.13 m/s2 and 9.78 £ 0.19 m/s?, show better consistency, while results with higher uncertainty,
such as 9.92 + 0.39 m/s?, suggest the possible influence of other factors. These factors should be
considered in data interpretation, as they can provide insights into the accuracy and reliability of the
method used.

To obtain a more accurate and representative value of gravitational acceleration, the data were
analyzed using the weighted average technique. This technique accounts for the weight based on the
uncertainty of each measurement result, leading to a more reliable final result. Using this method, the
calculated average gravitational acceleration is 9.78 m/s2 with an error of 0.08 m/s2. This indicates that
the weighted average technique is effective in combining results from various measurements to yield a
value closer to the true value.

The discussion of these results highlights the importance of using the weighted average
technique in experimental physics research. In this context, the technique helps reduce the impact of
data with greater uncertainty, resulting in more consistent and accurate final results. The final
gravitational acceleration value obtained using this technique is very close to the known standard value,
reinforcing the validity of the experiment and analysis conducted. While this study shows positive
results, several limitations need to be considered. First, although the PhET simulation can replicate many
physical experiment scenarios, the results still depend on the mathematical model used in the simulation.
Therefore, the obtained results may not fully represent the complexity of the real world, especially in
cases where external factors have a significant influence. Second, this study only used one type of string
length variation and displacement angle in the measurements, which may limit the generalization of the
results to more diverse conditions. In the study conducted by Prihatiningtyas et al., it was found that the
application of PhET simulation-based learning can enhance students' psychomotor and affective skills,
contributing to better learning outcomes (Prihatiningtyas et al., 2017). By using the weighted average
technique, students are able to better understand the variations in measurements and how to process data
to obtain more representative results (Defianti, 2023).

Several studies related to the use of technology in physics education highlight the importance
of interactive approaches to enhance the understanding of gravity concepts. Determining Earth's
gravitational acceleration is a crucial topic in physics that can be taught through various methods,
including the use of simulation media such as PhET. Previous research indicates that gravitational
acceleration is influenced by factors such as altitude and measurement techniques. For example, Subhan
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et al. (2022) explain that gravitational acceleration varies with altitude, being lower at higher elevations.
This provides a basis for understanding how physical environments impact measurement outcomes. In
education, virtual simulations like PhET have proven effective in enhancing students' understanding of
physics concepts, including gravitational acceleration. Saregar (2016) found that PhET simulations can
improve students' interest and mastery of quantum physics, showing potential for other topics like
gravitational acceleration. Laeli (2023) highlighted the Phyphox application as an interactive tool for
teaching mechanics, including gravitational acceleration. The use of the weighted average technique has
also been explored, with Chusni (2017) reporting that such techniques yield more accurate
measurements of gravitational acceleration. Furthermore, independent experiments, as reported by
Firdaus et al. (2019), show that students can better grasp the concept of gravitational acceleration
through hands-on experiences. Overall, research suggests that combining simulation media like PhET
with precise measurement techniques, such as the weighted average, enhances students' understanding
of Earth's gravitational acceleration, allowing them to apply theoretical concepts in real-world situations.

This study demonstrates that the PhET simulation is an effective tool for virtual physics
experiments, offering precise control over variables and accurate measurements, free from the physical
experimental errors typically associated with issues like air friction or timing inaccuracies. This
advantage makes PhET a valuable resource in both physics education and research. In educational
settings, it provides an interactive approach that helps students grasp gravity concepts more effectively,
bypassing the technical challenges often encountered in traditional physical experiments. In research,
the simulation supports the development of more accurate and efficient measurement methods,
particularly in scenarios where physical experiments are difficult or prone to errors. The impact of this
study lies in enhancing the understanding of gravitational acceleration, which contributes to improving
physics education and learning outcomes. However, the research is constrained by its reliance on the
mathematical model used in the simulation, which may not account for certain external factors like
complex air friction or variations in string materials. Additionally, the study's focus on only one string
length and displacement angle limits the generalizability of the results. Future studies should expand the
parameter variations and test the findings in real-world scenarios to validate these results further.
Overall, the use of the PhET simulation, combined with the weighted average technique, proves to be
an effective approach for determining Earth's gravitational acceleration, aligning with the demands of
21st-century education that emphasize higher-order thinking skills and collaborative learning
(Prihatiningtyas et al., 2017; Oktamuliani et al., 2021).

CONCLUSION

This study successfully determined the gravitational acceleration in Banten using a pendulum
and PhET simulation. Two methods were employed: the average and weighted average techniques. The
results indicate that the weighted average technique is more accurate, yielding a value of 9.78 + 0.08
m/s2 compared to 9.72 £ 0.28 m/s? from the average technique. The accuracy of the weighted average
method is evident in the reduction of relative error from 0.28% to 0.08%. This study confirms that the
PhET simulation is an effective and reliable tool for measuring gravitational acceleration, especially
when physical experiments face less-than-ideal conditions. The weighted average technique enhances
measurement accuracy, highlighting its potential in both physics research and education. However, the
study also acknowledges limitations, such as the reliance on mathematical models within the simulation
and the limited variation of parameters. Further research is needed to expand these findings and test the
results in broader contexts.
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