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Abstract
We present Pendulum Tracker, a computer vision-based application that
enables real-time measurement of the oscillatory motion of a physical
pendulum. Integrated into the educational platform SimuFísica, the system
uses the OpenCV.js library and runs directly in the browser, working on
computers, tablets, and smartphones. The application automatically detects
the pendulum’s position via the device’s camera, displaying in real time the
angle-versus-time graph and estimates of the oscillation period.
Experimental case studies demonstrate its effectiveness in measuring the
period, determining gravitational acceleration, and analysing damped
oscillations. The results show excellent agreement with theoretical
predictions, confirming the system’s accuracy and its applicability in
educational contexts. Its web-based interface and support for data export
make Pendulum Tracker suitable for a variety of experimental physics
activities. A pilot classroom implementation suggests that the tool also helps
students connect observed motion with its graphical representation.
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1. Introduction
The study of the pendulum plays a central role
in physics education, offering an accessible and
visually clear way to introduce fundamental con-
cepts such as harmonic motion, energy conser-
vation, damping, and the determination of grav-
itational acceleration. Due to its conceptual sim-
plicity and ease of experimental setup, the pen-
dulum has been widely used in classrooms and
educational laboratories at different educational
levels [1–3]. Its use also extends to more advanced
investigations, including the Foucault pendulum
[4], nonlinear oscillations, chaotic dynamics, and
dissipative effects [5].

Despite the pedagogical value of pendu-
lum experiments, research in physics education
has shown that students often struggle to relate
physical motion to its graphical representations,
such as angle- or position-versus-time plots [6–
8]. While expert physicists navigate seamlessly
between real-world behaviour and abstract mod-
els, this cognitive transition is challenging for
many learners. Notably, studies have demon-
strated that integrating videomotion analysis tools
into instruction—especially in combination with
hands-on activities—can significantly improve
students’ ability to interpret motion graphs.
Beichner, for example, found that replacing tra-
ditional labs with video-based experiments pro-
duced measurable learning gains, whereas passive
demonstrations alone had limited impact [7].

In recent decades, digital tools such as the
Tracker software have been employed for exper-
imental physics studies involving video analysis
[9, 10]. Tracker enables data collection from
camera-captured images, promoting greater inter-
activity and conceptual understanding. However,
its use typically requires prior recording and
often manual frame-by-frame analysis, which can
limit its adoption in some educational settings—
especially for real-time experiments.

These tools are part of a broader tradition of
educational labware, which includes both com-
mercial and open-source software developed over
the past few decades. Notable examples include
Logger Pro [11] and Video Physics [12] (Vernier),
Coach [13] (CMA, University of Amsterdam),
and Phyphox [14] (RWTH, Aachen University),

among others. Although many of these systems
offer powerful features, they may require paid
licenses, external sensors, or software installa-
tion on specific operating systems. This highlights
the need for more accessible, real-time alternat-
ives that operate directly in the browser, without
relying on additional hardware—a need that has
motivated the development of the tool presented
in this work.

In this work, we present Pendulum Tracker, a
computer vision-based application integrated into
the SimuFísica educational platform. Designed to
run directly in the browser, the system allows
automatic, real-time measurement of the angu-
lar motion of simple pendulums. Section 2
provides an overview of the Pendulum Tracker
and its features. Section 3 presents three usage
examples: oscillation period measurement, exper-
imental determination of gravitational accel-
eration, and analysis of damped oscillations.
Section 4 reports a pilot implementation in a real
high school setting, illustrating the tool’s practical
effectiveness in classroom environments. The res-
ults demonstrate the tool’s robustness and its use-
fulness as a complementary resource for experi-
mental physics teaching at both high school and
undergraduate levels.

2. The Pendulum Tracker—SimuFísica

2.1. Overview

Pendulum Tracker is a tool developed for the
detailed experimental study of the oscillat-
ory motion of pendulums, using computer vis-
ion to capture and analyse the angular posi-
tion of the object in real time. Based on the
OpenCV.js library [15], an implementation of
OpenCV for JavaScript, Pendulum Tracker is
integrated into the SimuFísica platform, which
offers a wide range of applications and simu-
lators aimed at teaching and learning physics in
areas such as mechanics [16], electromagnetism
[17], thermodynamics [18], and quantum
mechanics [19].

Pendulum Tracker is a web-based applica-
tion that runs in modern browsers and is com-
patible with a range of devices such as com-
puters, tablets, and smartphones, provided an
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Figure 1. Pendulum Tracker application from the
SimuFísica platform. Access link: https://simufisica.
com/en/pendulum-tracker/.

integrated or external camera is available for
video capture. The tool is already accessible
through the online version of SimuFísica and has
been included in the Android app distributed via
the Play Store. Future updates will incorporate
Pendulum Tracker into the offline packages for
iOS (App Store), Windows (Microsoft Store), and
Linux (Snapcraft), facilitating its use in educa-
tional environments with limited or no internet
access.

2.2. Interface and functionality

Figure 1 shows the application interface in oper-
ation. After fixing the capture device on a stable
support and properly aiming it at the pendulum,
the camera can be activated using the Turn on
button located on the toolbar. Then, the pendu-
lum is set into motion. To ensure agreement with
the theoretical model, it is advisable to maintain
small oscillation amplitudes (typically less than
20◦), for which the period T of a pendulum of
length L is given by:

T= 2π

√
L
g
, (1)

where g is the local acceleration due to gravity.
However, this condition also presents an oppor-
tunity for pedagogical exploration: by varying the
amplitude and comparing the measured periods
to theoretical predictions, students can investig-
ate the validity of the small-angle approximation
and observe how deviations emerge as the angle
increases.

It is also recommended to use a thin black
string to minimise interference with automatic
detection, and to centre the pendulum’s motion
in the frame, occupying a good portion of the
screen. To assist with this positioning, the user
can enable the Grid checkbox, which displays a
reference mesh on the screen. A uniform back-
ground is not required, and the pendulum object
does not need to be spherical—tests indicate that
satisfactory results can be obtained in domestic
environments using a pendulum composed of a
cylindrical object or even a small padlock. One
requirement is that no other motion occurs in the
background besides the pendulum’s oscillation.

After the initial setup, the user clicks
the Start button. A short calibration interval
(approximately 3 s) begins, during which the
maximum and minimum positions of the pen-
dulum are collected so that an angular estimate
can be provided on the vertical axis of the graph.
After this interval, the angle versus time curve is
displayed on the screen. Shortly afterward, the
user can observe the pendulum’s period, obtained
from the average of five oscillation cycles. Finally,
for more precise measurements, as shown in
section 3, the application allows data export via
the Download button, enabling further analysis in
software such as OriginLab, Microsoft Excel, or
similar tools.

3. Application examples
In this section, we present three represent-
ative examples that illustrate the capabilities
of the Pendulum Tracker application from the
SimuFísica platform. These activities can be used
in the classroom as practical tasks or integrated
into home-based experimental work.

3.1. Period measurement

In the first example, we used a smartphone
(iPhone SE, 2020 model) mounted on a generic
holder (figure 2). As the pendulum mass, we used
an aluminium cylinder with a hook. The pendu-
lum length was measured with a tape measure
and determined to be L= 45.8± 0.1 cm, from the
point of support to the cylinder’s centre of mass.
After a few oscillation cycles, the application
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Figure 2. Measurements performed using the
Pendulum Tracker—SimuFísica application with
L= 45.8± 0.1 cm.

began displaying the average period on the screen,
with observed fluctuations between T = 1.367 s
and T = 1.374 s. We compared these results with
the theoretical value given by equation (1). The
measurements were performed in the city of Ji-
Paraná, in the state of Rondônia, Brazil, located at
latitude ϕ× 180/π =−10.88◦. Considering g=
9.7821671m s−2 as the local gravitational accel-
eration, obtained from the equation [20]

g(ϕ) = 9.780327
[
1+ 0.0053024sin2 (ϕ)

−0.0000058sin2 (2ϕ)
]
m s−2, (2)

we found a maximum error of only 1.1%.
Figure 3 presents a more detailed analysis

of the obtained data. In panel (a), we show the
time evolution of the pendulum angle. Panel (b)
shows a zoom of the first 4.7 s, revealing a sinus-
oidal curve with approximately 40 data points
per cycle—this number depends on the device’s
frame rate and the pendulum length. The applic-
ation’s algorithm automatically smooths the data
to reduce noise, but the user can disable this by
unchecking the Smooth checkbox.

Figure 3(c) shows, in green, the spectrum
obtained from the Fourier transform of the data in
panel (a), using a 60 s time window. A Gaussian
fit to the main peak yields a frequency of f =
0.7337± 0.0002Hz, corresponding to an experi-
mental period of

Texp = 1.3630± 0.0004s, (3)

which is very close to the theoretical value,

Ttheo = 1.3595s, (4)

although slightly outside the uncertainty margin.

3.2. Measurement of the acceleration due
to gravity

In this second example, we used Pendulum
Tracker to determine the local gravitational accel-
eration based on the dependence between the
period T and the pendulum length L. To that end,
we conducted measurements using different val-
ues of L. The procedure was similar to that in
section 3.1: after eachmeasurement, the data were
exported, a Fourier transform was applied, and a
Gaussian fit was performed to obtain the central
frequency and calculate the period.

The results are presented in figure 4. Panel
(a), in linear scale, shows good agreement
between the experimental data (blue) and the the-
oretical curve (red). Panel (b), in log–log scale,
reveals a power-law relationship T= CLn, with a
linear fit yielding

nexp = 0.499± 0.003, (5)

which is consistent with the theoretical value
ntheo = 0.5.

From the linear fit intercept a=−0.695±
0.005 in figure 4(b), and the relation T= CLn, we
obtain

g=

(
2π

10a+1

)2

, (6)

with uncertainty given by

∆g=
8π2 ln(10)
102(a+1)

∆a, (7)

where ∆a is the uncertainty in the value of a.
Using the data from figure 4(b), we find

gexp = 9.7± 0.2m s−2, (8)

which is in excellent agreement with the expected
local value (gtheo = 9.78m s−2).
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Figure 3. Results from the measurements shown in figure 2. (a) Angle as a function of time. (b) Zoom of (a)
within a 4.7 s window. The line is a guide to the eye. (c) Green line shows the Fourier transform of (a), considering
a 60 s interval. The black line is a Gaussian fit of the Fourier transform.

Figure 4. Pendulum oscillation period as a function of length. (a) Linear scale: experimental data in blue and
theoretical curve in red. (b) Log–log plot of the experimental data (blue) with linear fit (black line).

3.3. Damped oscillations—experiment vs
theory

In the final example, we explored Pendulum
Tracker’s ability to record damped oscillations
over extended time intervals. We used a pendu-
lum of length L= 31.2± 0.1 cm, collecting data
from t= 0 to t= 150 s, resulting in 4366 data
points (figure 5). This data density demonstrates
one of the main advantages of Pendulum Tracker
over traditional tools like Tracker [21], which
often require manual frame-by-frame analysis.
Moreover, the SimuFísica platform’s application
provides the oscillation period and angle graph
in real time on widely used devices such as
smartphones.

The comparison with the theoretical model
is based on the harmonic approximation for the
motion of a damped pendulum [22]:

θ (t) = θ0e
−γt cos

(
t

√
g
L
− γ2 − δ

)
, (9)

where g= 9.782167m s−2, θ0 = 6.3◦,
γ= 0.005 s−1, and δ = 1.4π. The values of θ0,
γ, and δ were chosen to maximise the agree-
ment between the theoretical curve and the exper-
imental data in the interval t ∈ [0,7] s (figure 5(b)).
For longer times (figure 5(c)), we observe a slight
phase shift between the model and the data, likely
due to small variations in ambient conditions.
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Figure 5. (a) Damped oscillations of a simple pendulum. Experimental data in blue and theoretical curve in red.
(b) Zoom of (a) up to t= 7 s. (c) Zoom of (a) in the time window t ∈ [120,127] s.

In a classroom setting, this type of data can
serve as the basis for investigative tasks. For
example, rather than providing a predefined value
for the damping coefficient γ, students can be
encouraged to determine it experimentally by ana-
lysing the envelope of the oscillation amplitude
over time. Such an activity reinforces the concept
of damping while introducing students to real-
world data analysis and curve fitting, using meas-
urements obtained from their own experimental
setup.

4. Classroom implementation
To evaluate the practical use of Pendulum Tracker
in an educational setting, the tool was applied on
9 June, 2025, during two 50min physics classes in
each of three third-year high school groups, with
an average student age of 17. After a brief intro-
duction to the platform, students used their own
smartphones to assemble and measure the oscil-
lation period of simple pendulums. In accordance
with Brazilian law, which restricts mobile phone
use in classrooms except with explicit teacher
authorisation, the activity was conducted in super-
vised groups of up to five students. Each group
assembled a pendulum on a support, totalling
seven experimental setups per class. To pre-
vent interference between groups, all smartphones
were oriented toward the classroom walls, ensur-
ing that each device recorded only the motion of
its respective pendulum. Students tested multiple

values of the pendulum length L during the
activity.

Although no formal assessment of learning
outcomes was performed, informal observations
suggest that the experiment contributed to stu-
dents’ understanding of the relationship between
pendulum motion and its angular displacement
graph displayed in real time. Many students ini-
tially struggled with this connection, a difficulty
that may have been intensified by learning inter-
ruptions during the COVID-19 pandemic. During
the activity, several groups initially measured
the length L from the suspension point to the
top of the cylindrical mass (the hook), which
led to discrepancies between the observed and
theoretical periods. After discussing the issue
with the teacher, they adjusted their measure-
ment to account for the centre of mass of the
pendulum. Even after this correction, some stu-
dents expressed surprise that their results did not
exactly match the theoretical value predicted by
equation (1), using g= 9.8m s−2. For instance,
group 03 measured a length that led to a theor-
etical period of Ttheo = 0.973 s, while the value
reported by the application was Texp = 1.020 s,
corresponding to a 4.8% deviation. This reac-
tion reflects a common misconception among
students that theoretical models should yield
results identical to experimental measurements,
overlooking the effects of experimental uncer-
tainty, idealisations, and approximations in the
formula.
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5. Conclusions
In this work, we presented Pendulum Tracker,
a computer vision-based application that allows
precise real-time measurements of a pendulum’s
oscillatory motion using an ordinary device cam-
era. The tool proved effective both for verifying
well-known experimental relations, such as the
period equation and its dependence on gravita-
tional acceleration, and for more advanced invest-
igations, such as the study of damped oscilla-
tions. The good agreement with the theory taught
at high school and undergraduate levels confirms
the application’s reliability. Its use in high school
classrooms also demonstrated the tool’s prac-
ticality in engaging students with experimental
data and enhancing their understanding of motion
graphs.

As future work, we plan to expand the
application’s functionalities, including support for
different experimental configurations, such as
double3 or coupled pendulums4. In addition, we
are updating the SimuFísica app store versions
to include the Pendulum Tracker tool, thereby
enabling offline use in educational environments
with limited internet access.
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