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Abstract

In recent years, the integration of technology into interactive systems has gained significant attention.
Among the many applications, music-reactive, light-emitting diode (LED) systems have become
popular, offering dynamic visualizations that respond to the audio inputs. This study explores the
development and implementation of a music-reactive LED system using Arduino, focusing on real-time
audio signal processing and LED control based on the frequency spectrum of sound. By utilizing fast
Fourier transform (FFT) algorithms and sound sensors, the system analyzes the audio signal and
adjusts the colors and patterns of the LEDs according to the frequency components of the music. The
Arduino microcontroller processes the incoming signal, categorizes it into different frequency bands
(bass, midrange, and treble), and drives the LED display to create synchronized light effects in real
time. The system was designed to be cost-effective and easily customizable, making it accessible to DIY
enthusiasts and artists. The hardware setup involved RGB LED strips connected to an Arduino board,
while the software implementation involved simple coding techniques to integrate the FFT library for
audio signal analysis. The proposed design demonstrates the potential of using open-source platforms,
such as Arduino, to create interactive, audio-responsive art installations. This study concludes by
evaluating the performance and flexibility of the system in different use cases, such as home
entertainment, concerts, and artistic installations, while also discussing the limitations and future
enhancements for further optimization.
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INTRODUCTION
In today’s world, technology is often used creatively to enhance everyday experiences. One

fascinating example of this is the use of music-reactive light-emitting diode (LED) systems, where
lights respond to sound and create a visual representation of the music being played. These systems
have become especially popular in settings such as
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music to life and engage audiences uniquely [1-5].
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rise of accessible technologies such as Arduino has
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, o visualizing systems [6—10]. Arduino is an open-
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Arduino-based music-reactive LED systems work by analyzing sound signals and adjusting LED
lighting based on sound frequencies. To achieve this, an audio sensor or microphone is used to pick up
the sound, and a fast Fourier transform (FFT) algorithm is used to break down the music into different
frequency bands, such as bass, midrange, and treble. The Arduino microcontroller then controls the
LED lights according to these frequency bands, changing their brightness, color, or pattern in synchrony
with the music. The purpose of this research is to explore how a simple, cost-effective, and customizable
music-reactive LED system can be created using Arduino. This system can be used for various purposes,
from DIY home projects to artistic installations [11-15]. By examining the required components,
programming involved, and real-world applications, this paper demonstrates how Arduino can be used
to build interactive systems that react to music, creating an immersive experience for users.
Additionally, this research will examine the challenges faced while building such systems, including
real-time processing and how to manage audio signal analysis to ensure that the lighting responds
correctly to music. Potential improvements and optimizations that could be made to enhance the
system’s performance and scalability for larger setups are also discussed. Through this study, we aim
to show how Arduino can be a powerful tool for integrating sound and light in a way that is both
accessible and engaging for everyone, from hobbyists to artists [16-20].

LITERATURE REVIEW

The integration of music and visual effects has captivated audiences for decades, with early forms of
music-reactive lighting observed in concerts, nightclubs, and theaters. Initially, these systems used basic
electronics, such as sound sensors or microphones, connected to analog circuits that controlled the light
intensity in response to the sound volume. These early systems, which were amplitude-based, provided
simple effects such as dimming or flashing lights based on sound intensity [21-25]. However, they
lacked the sophistication to respond to the frequency or complexity of the music. As technology has
evolved, digital processing techniques have emerged that allow for frequency-based light reactions,
leading to more dynamic systems that can interact with sound in more complex ways. This shift from
amplitude-to frequency-based control was crucial for improving the interaction between light and sound
[26-30].

The advent of Arduino, an open-source microcontroller platform, has played a transformative role in
the development of music-reactive LED systems, making them more accessible to a wider audience of
hobbyists, engineers, and artists. The ease of use, extensive community support, and affordability of
Arduino have enabled many to experiment with music-reactive lighting. A notable example is the study
by Gawel et al. (2014), who developed an Arduino-based sound-activated LED system. This system
uses an analog microphone sensor that captures sound and controls LED light patterns based on the
intensity of the sound. Although this approach is simple, it opens the door to more customized and
interactive lighting systems.

The next major advancement came with the introduction of the FFT, a mathematical algorithm that
analyzes the frequency components of an audio signal. Jasper et al. (2015) employed this technique in
their Arduino-based system to process audio in real time, allowing the lights to respond to specific
frequency bands, such as bass, midrange, and treble. This approach offers more precise control, enabling
distinct visual effects for each frequency component of the sound. The use of FFT algorithms was a
significant improvement because it provided more dynamic lighting effects that could accurately
represent the music’s tonal and rhythmic qualities.

The complexity of modern music signals requires even more advanced processing techniques to
improve the responsiveness and accuracy of music-reactive systems. Early systems primarily used
amplitude detection, which only responded to sound volume. However, as systems evolved, techniques
such as FFT and digital filters became standard for enhancing performance. For instance, Yoo et al.
(2017) used FFT to break down audio signals into low-, mid-, and high-frequency bands, which were
then mapped to different RGB LEDs. This allowed the system to create a nuanced real-time visual
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display that responded to the dynamics of the music. Similarly, Lee et al. (2019) incorporated digital
filters (low-pass, high-pass, and band-pass filters) into their system to clean the audio signal before
applying the FFT. This filtering removed unwanted noise and ensured that only the relevant frequency
components were analyzed, leading to more accurate and reliable responses. These innovations have
improved the precision of music-reactive lighting, providing users with a richer and more immersive
experience.

In conclusion, the integration of signal processing techniques, particularly the FFT and digital filters,
has been pivotal in advancing music-reactive LED systems. These developments have allowed systems
to respond not only to volume but also to more complex aspects of music, such as pitch, rhythm, and
beat [31-35]. The Arduino platform, through its accessibility and versatility, has made it easier for
developers to create interactive and customizable music-reactive systems, pushing the boundaries of
what can be achieved in this field of research. With continued advancements in both hardware and
software, the future of music-reactive lighting is promising, offering increasingly sophisticated ways to
interact with sound and light [36—41].

METHODOLOGY

The design and implementation of a music-reactive LED system using Arduino involves several key
steps, beginning with hardware selection and progressing to real-time audio processing and LED
control, as described below. First, a microphone captures sound waves from the environment, such as
music, and converts them into an analog electrical signal. This weak signal is then amplified by a pre-
amplifier to ensure that it is at a level that can be processed by the Analog-to-Digital Converter (ADC)
of the Arduino. The ADC periodically samples the analog audio signal and transforms it into a digital
value. Arduino then processes this digital data to extract meaningful audio features, such as loudness
and frequency content. Amplitude detection is used to measure the overall loudness of the audio signal,
which is typically calculated using either peak values or root mean square (RMS), which determines
how bright or dim the LEDs should be. For more sophisticated visual effects, the system employs a FFT
to analyze the frequency spectrum of the audio. The FFT breaks down the audio into different frequency
bands, such as bass, mid, and treble, enabling the system to create unique visual effects for each
frequency range. For example, bass frequencies may control red LEDs, mid-range frequencies could
influence green LEDs, and treble frequencies could impact blue LEDs, thus producing a colorful and
dynamic display that corresponds to audio. Once the audio features were extracted, the Arduino mapped
these values to control the LED outputs. In the case of addressable LEDs, libraries such as Adafruit
NeoPixel or FastLED are used to send precise signals to control the color and brightness of each LED,
creating a synchronized light show. For analog LEDs, the Arduino uses pulse-width modulation (PWM)
to adjust the voltage supplied to the LEDs, controlling their brightness. To ensure smooth and
synchronized performance, the Arduino continuously monitored the audio signal in real time, updating
the LEDs based on the audio features, which created a seamless, music-driven light display. The result
is a music-reactive lighting system that visually responds to changes in the amplitude and frequency of
music, providing an engaging and interactive experience.

MAJOR COMPONENTS
Arduino

Arduino is a publicly available platform used to create electronic projects. Arduino includes a
physical programmable circuit board (commonly called a microcontroller) and software known as an
IDE (Integrated Development Environment), which operates on a computer to write and upload code
to the physical board. Many beginners in electronics have adopted the Arduino platform, as shown in
Figure 1, and it is easy to see why. Unlike most previous programmable circuit boards, the Arduino
does not require a separate piece of hardware (known as a programmer) to load new code onto the
board; a USB cable can be used. Moreover, the Arduino IDE is based on a simplified version of C++,
which facilitates programming learning. Finally, Arduino offers a standard form factor that organizes
the functions of the microcontroller into a more user-friendly package.
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Sound Sensor Module

The sound sensor module, as shown in Figure 2, offers a convenient means of detecting sound,
primarily for measuring the sound intensity. This module is suitable for security, switching, and
monitoring applications. Its precision can be easily modified for ease of use. It employs a microphone
to provide input to the buffer, peak detector, and amplifier. Upon detection of sound by the sensor, it
processes an output signal voltage directed to a microcontroller, which then performs the required
processing. The sound detection sensor module for Arduino identifies whether the sound level exceeds
a threshold value. The sound was captured using a microphone and sent to an LM393 operational
amplifier. An onboard potentiometer was used to adjust the sound level set point. When the sound level
surpasses the predetermined threshold, an LED on the module lights up, and the output is lowered.

LED (Light-Emitting Diode)

A LED, as shown in Figure 3, is a semiconductor component that produces light when an electric
current flows through it. In semiconductors, electrons recombine with electron holes, resulting in the
release of energy through photons. The color of the light (which corresponds to the energy of the
photons) is dictated by the energy required for electrons to traverse the bandgap of the semiconductor.
White light is produced by employing several semiconductors or a layer of phosphor that emits light on
the released photons, the semiconductor device's surface emits light.

Jumper Wires

A jumper wire, as shown in Figure 4, is an electrical wire that links distant electric circuits used in
printed circuit boards. A jumper wire can be used to short-circuit and create a shortcut (jump) in an
electric circuit.

Figure 2. Sound sensor module.
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Figure 3. LED (light-emitting diode).

Figure 4. Jumper wires.

Figure 5. System in off condition. Figure 6. System in on condition.

RESULTS
The "Music-Reactive LED Using Arduino" project was tested under several scenarios to ensure its
functionality, as shown in Figure 5 (off condition) and 6 (on condition).

CONCLUSION
A music-reactive LED system using Arduino offers an excellent way to combine creativity,
electronics, and programming. Whether making a fun DIY project or enhancing a music performance,
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this type of setup allows for endless possibilities in terms of design and functionality. By using a sound
sensor to capture audio and an Arduino to control the LEDs, a visually stunning, music-driven light
show that brings audio to life can be created.
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