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Abstract 

 

The increasing accessibility and power of embedded single-board computers and prototyping 

platforms have resulted in the rise of various frameworks specifically designed for creating 

digital musical instruments and audio effects. These advancements have opened up possibilities 

for utilizing embedded computer technologies to replicate rare or outdated instruments and 

audio effects. This thesis centers around developing an open-platform guitar effects pedal using 

Bela's embedded computing framework, allowing guitarists to create and apply distinct audio 

effects on dedicated audio hardware. An extension cape's construction, design, and 

development process are documented, combining essential components like rotary encoders, 

switches, and audio inputs/outputs into a single circuit. A comprehensive software framework 

is established using Pure Data, providing all the necessary functionalities to utilize the device 

in a multi-effect configuration and incorporating a signal chain of outdated audio effects 

designed around a physical model of Hammond's Scanner Vibrato unit. Finally, benchmarking 

and discussions are carried out to evaluate the artistic and technical benefits of the device. 
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Kurzfassung 

 

Die zunehmende Zugänglichkeit und Leistungsfähigkeit von eingebetteten 

Einplatinencomputern und Prototyping-Plattformen hat zur Entstehung mehrerer Frameworks 

geführt, die speziell für die Erstellung digitaler Musikinstrumente und Audioeffekte entwickelt 

wurden. Diese Fortschritte haben die Möglichkeit eröffnet, eingebettete Computertechnologien 

zur Nachbildung seltener oder veralteter Instrumente und Audioeffekte zu nutzen. Im 

Mittelpunkt dieser Arbeit steht die Entwicklung eines plattformoffenen Gitarreneffektpedals 

unter Verwendung des Embedded Computing Frameworks von Bela, das es Gitarristen 

ermöglichen soll, Effekte auf dedizierter Audiohardware zu erstellen und anzuwenden. Es wird 

der Konstruktions-, Design- und Entwicklungsprozess eines Erweiterungs-capes dokumentiert, 

das wesentliche Komponenten wie Drehgeber, Schalter und Audioein- und -ausgänge in einer 

einzigen Schaltung vereint. Es wird ein umfassendes Software-Framework auf Basis von Pure 

Data vorgestellt, das alle notwendigen Funktionen enthält, um das Gerät in einer Multi-Effekt-

Konfiguration zu verwenden und eine Signalkette mit veralteten Audio-Effekten enthält, die 

um ein physisches Modell der Scanner-Vibrato-Einheit von Hammond herum entwickelt 

wurde. Schließlich werden Benchmarking und Diskussionen durchgeführt, um die 

künstlerischen und technischen Vorteile des Geräts zu bewerten. 
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1. Introduction 

1.1  Background and Motivation 

 

Early audio effects, such as delays and reverbs, made use of both mechanical elements and 

analog electronics. [1] Delays were commonly achieved by running magnetic tape with the 

help of a motor, while reverbs involved driving a metal plate or spring with an input signal 

through an actuator and capturing the resulting sound using a pickup. [2] While these concepts 

produced desirable sounds, their size, weight, and user-friendliness posed challenges for 

musicians. However, the advancement of digital technology and digital signal processing 

(DSP) has reached a stage where audio effects can be created using DSP on a large scale, thus 

providing a compelling alternative for enthusiasts of analog audio devices. [3] 

 

While these technological advancements have led to the digital emulations of many early audio 

effect units, there has been limited exploration of specific electro-mechanical audio effects, 

such as Hammond’s Vibrato Scanner. This iconic chorus and vibrato effect showcased 

Hammond’s dedication to finding an expressive and emotionally intense sound. It provided a 

distinct sonic character by infusing depth and movement into the sound of the Hammond 

tonewheel organ. The unit utilized a delay line with progressively increasing delays between 

audio filter stages. A scanner connected selected taps from the line to the output, gradually 

altering the phase shift and creating a vibrato effect. Mixing the dry signal with multiple outputs  

from the delay line produced a chorus effect. [4] 

 

Only two digital reproductions of the Vibrato Scanner unit are currently known: a virtual effect 

plugin developed by Martinic (see Figure 1) and another designed explicitly for Logic Pro X 

(see Figure 2). These plugins accurately simulate the original hardware, closely preserving its 

unique characteristics. They offer the same three vibrato and chorus presets as the original 

design but provide improved flexibility, allowing users to adjust rate and depth parameters. 

The advantage of these replications is that they can be applied not only to organ sounds but 

also to guitar, synthesizer, or any other desired sound. However, as they work only on personal 

computers, their usage might be impractical for performance and limited to specific general-

purpose operating systems that impose considerable audio latency.  
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Figure 1: Scanner Vibrato virtual effect plugin by Martinic. [5] 

 

 

Figure 2: Scanner Vibrato virtual effect plugin for Logic Pro X. [6] 

1.2 Simulacra 

 

When specific instruments or technologies become rare or unavailable, they can be substituted 

with simulacra. [7] Unlike simulations, simulacra do not aim to imitate all specific behaviors 

or processes but instead focus on capturing the essential characteristics while not necessarily 

replicating the exact outward appearance. [8] In software design alone, the relevant term would 

be an emulator. However, given the inclusion of the physical interface, which is not replicated, 

the term simulacrum corresponds more accurately to the intended objective in this context. [9] 

 

Utilizing modern embedded computer technologies to create simulacra presents a potential 

method for substituting rare or outdated instruments and audio effects. The expanding 

accessibility and growing power of single-board computers and prototyping platforms have led 
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to numerous frameworks tailored explicitly for designing and building digital musical 

instruments and audio effects. When considering any particular project, the suitability of each 

environment is determined by various factors, including latency, workload measurements, 

documentation, and software implementation. Choosing an appropriate platform can be 

challenging, as it involves trade-offs between computing power, hardware connectivity, 

programming ease, and price. [10]  

1.3 Scope of Project 

 

This thesis assesses the practicality of employing embedded computer technologies to replicate 

rare or obsolete audio effects. The proposed approach involves developing a portable open-

platform guitar effects pedal, leveraging Bela’s embedded computing framework. To achieve 

this, a specially designed extension cape is implemented for Bela Mini, integrating essential 

components like rotary encoders, switches, and audio inputs/outputs onto a single circuit. 

Additionally, a comprehensive software framework is established using Pure Data, providing 

all the necessary functionalities to utilize the device in a multi-effect configuration and 

incorporating a signal chain of outdated audio effects. 

 

Moreover, the project is intended to be open-source, ensuring that both software and hardware 

components are freely available to the public. This involves utilizing exclusively open-source 

technologies for developing all software and hardware aspects of the device and providing 

access to all essential data, such as schematics, CAD files, bills of materials, and the software 

framework, to the public. 

2. Open-Source Ecosystem 

2.1 Open Design Movement 

 

Open-source software has gained significant attention as an alternative software development 

and distribution approach. It has proven successful in creating high-quality software at minimal 

cost. Open-source projects are characterized by a loosely connected community united by 

shared values of software freedom, allowing anyone to use, study, modify, and distribute the 
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source code. This model provides various benefits, including flexibility, suitability, support, 

stability, and maintenance. [11]  

 

While initially limited to the software industry, the open-source movement has expanded to 

other fields, such as open data, open education, and open hardware, driven by global 

digitization and widespread access to affordable internet services. An expanding community 

of DIY enthusiasts, inventors, artists, scientists, and individuals from various backgrounds is 

adopting personal manufacturing and collaborative networks to bring about transformative 

changes in their surroundings. This trend has been facilitated by the accessibility of affordable 

digital fabrication tools, open-source hardware, and a culture of knowledge sharing, 

collaboration, and support through virtual and physical communities. This movement signifies 

a shift towards peer production and the democratization of technology. [12] 

2.2 The Maker Culture 

 

The term “maker community” refers to a community that revolves around utilizing emerging 

technologies and practices to repurpose and modify existing materials, ultimately creating 

something new. Maker culture has its roots in the hacker culture of the 1960s-1970s and the 

DIY amateur radio movements of the early 20th century. These movements emphasized 

collaborative production and the development of open and customizable technologies. Makers 

embrace this alternative approach to technology production, made feasible by crowdfunding 

infrastructures and startups. Some maker communities focus on specific open-source hardware 

or software platforms, with Arduino being a notable example. In addition to the usual 

motivations for contributing to open-source or free software, the sustainability of this 

community is strengthened by the incorporation of expansion boards, resulting in a wide range 

of extensions and variations. [13] 

2.3 Open-Source Hardware  

 

Open-source hardware allows anyone to access, modify, create, and distribute the design 

specifications of a physical object. It is not limited to a specific object type and can be applied 

to various items like cars, chairs, computers, robots, and houses. Like open-source software, 

open hardware provides access to the source code, including schematics, blueprints, and CAD 
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files. Users can modify the code, improve software functionality, and even change the physical 

design, which promotes accessibility and encourages sharing knowledge and modifications. 

Open hardware removes barriers to design and manufacturing, enabling more people to 

participate and collaborate in hardware development. [14] 

 

According to the Open-Source Hardware Association, hardware must meet a set of criteria to 

be considered open-source. These include providing comprehensive design files and accessible 

documentation, clearly stating the open-source parts of the design, releasing software under an 

open-source license (if applicable), allowing modification and distribution of derived works, 

enabling unrestricted sharing of project documentation, requiring proper attribution to original 

licensors, avoiding discrimination, not restricting hardware use in specific fields, ensuring the 

license applies to all parties without additional licenses, granting rights to extracted portions of 

the work, avoiding limitations on non-derivative items, and remaining independent of specific 

technologies. Adhering to these requirements supports the principles of openness, 

collaboration, and innovation in the Open-Source Hardware movement. [15] 

 

2.4 Open-source Maker Platforms 

2.4.1 Microcontroller Platforms 

 

Over the last few years, there has been a rise in the availability of open-source microcontroller 

platforms capable of audio processing and synthesis. Arduinos have played a crucial role in 

popularizing microcontrollers by increasing their accessibility through a high-level 

programming language, specialized libraries, and an Integrated Development Environment 

(IDE). The impact of the Arduino on computer music and the New Interfaces for Musical 

Expression community has been profound, resulting in the creation of numerous new music 

controllers and instruments. [16] Microcontroller platforms have convenient hardware sensor 

connections and reliable timing but limited computational capabilities. However, software 

libraries like Mozzi enhance the microprocessor’s capabilities, enabling it to generate complex 
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sounds using standard synthesis units such as oscillators, samples, delays, filters, and 

envelopes. [17]  

Figure 3: Arduino FM MIDI Synthesis with Mozzi. [18] 

 

2.4.2 Embedded Linux Platforms 

 

Simultaneously, the emergence of embedded Linux platforms, such as the Raspberry Pi and 

BeagleBone, has also opened up possibilities for audio signal processing and transformed the 

approach toward Digital and Augmented Musical Instruments. Thanks to these systems, users 

could process audio in a manner similar to desktop computers using user-friendly tools like 

PureData, ChucK, and SuperCollider. [19] However, the convenience of operating systems 

came at the cost of drawbacks, such as hardware and software complexity, audio latency, and 

efficiency. Moreover, none of these boards were initially designed with real-time audio 

applications in mind. They lacked adequate audio input/output capabilities, requiring external 

audio interfaces connected via USB [20] or additional audio codec subsystems. [21] 

 

Figure 4: Raspberry Pi Audio Codec Subsystem. [22] 
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2.5 Specialized Hardware and Software Solutions 

 

In response to these challenges, there has been a rise in specialized hardware and software 

solutions based on single-board computers and high-performance microcontrollers. These 

solutions come with integrated audio I/O hardware and tangible control elements similar to 

popular electronic instruments such as guitar pedals and synthesizers. Their design provides 

users with an intuitive interface and a familiar performance environment. These instruments 

are highly versatile and can easily switch between different roles, much like laptops. They work 

in tandem with specialized Linux distributions, where audio processing tasks are performed 

outside of the operating system. This action allows for smaller buffer sizes and reduced audio 

latency. Programming these instruments is a straightforward process, as users can transfer pre-

built sketches created in platforms such as Max and Pure Data or written in C++ onto the device 

using a USB connection. Moreover, community-developed libraries containing pre-existing 

patches and scripts serve as a valuable resource for ensembles whose members may lack the 

inclination or ability to program their own software instruments. [23] 

2.5.1 The OWL 

 

The OWL (see Figure 5) is programmable hardware designed by Rebel Technology for real-

time audio signal processing. It provides musicians with a versatile tool for creating and 

manipulating audio effects during live performances. The OWL features a powerful ARM 

Cortex M4 microcontroller with a floating-point unit for precise audio processing. It 

incorporates 1Mb of high-speed SRAM, offering expanded memory capacity for seamless 

audio data storage and manipulation. Equipped with a high-quality stereo audio codec 

supporting 24-bit resolution and a sampling rate of up to 96 kHz, the OWL ensures exceptional 

audio quality. [24] 

 

Designed as a dedicated audio device, the OWL replaces laptops for on-stage audio processing. 

Musicians can program their own code using C++ to create custom audio effects, eliminating 

the need for complex computer music environments. Its tangible format resembles a traditional 

stomp box and seamlessly integrates into a guitarist’s pedal board setup. The OWL embraces 

an open-source approach, providing an API for users to develop their audio effects applications. 

This approach encourages a community of users and programmers to freely share effects 

patches, collaborate, and enhance the device’s capabilities. [25] 
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Figure 5: The OWL Pedal. [26] 

 

2.5.2 Daisy 

 

The Daisy hardware is based on the Daisy Seed, an embedded system with an ARM Cortex-

M7 STM32H750 MCU processor. The Daisy Seed’s MCU processor can operate at 480MHz 

and handle complex Digital Signal Processing algorithms. The built-in AK4556 Codec offers 

24-bit AC-coupled converters, while internal signal processing operates at 32-bit floating point 

precision, at 48kHz or 96kHz sampling rates, with configurable audio block sizes ranging from 

48 to single sample frames. This flexibility allows throughput latencies as low as 0.01ms while 

maintaining the capability to perform complex algorithms. In addition to audio functionality, 

the Daisy Seed supports non-audio analog pins for controlling knobs, switches, LEDs, and gate 

voltages. These pins are sampled at the same rate as audio, and some I/O pin applications, like 

gate outputs, operate with the same throughput latency as audio signals. [27] 

 

Due to its small size, the Daisy Seed is ideal for breadboarding development projects and 

embedding within Digital Musical Instruments. ElectroSmith, the company behind Daisy, 

distributes various hardware configurations, including the Daisy Patch for Eurorack modular 

synthesizers, the Daisy Pod (see Figure 6) for stompbox pedals, and the Daisy Field for desktop 

applications. The development of Daisy firmware is supported by popular programming 
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platforms, including Arduino, FAUST, PureData, and Max/gen~ through the Heavy framework 

and Oopsy software. [28] 

 

Figure 6: Daisy Pod breakout board. [29] 

 

2.5.3 Satellite CCRMA 

 

Satellite CCRMA (see Figure 7) is a widely used and well-supported platform that focuses on 

creating an efficient audio environment for embedded Linux computers. It consists of either a 

Beagle Board xM or a Raspberry Pi Model B, along with an Arduino microcontroller and a 

breadboard for electronics prototyping. The platform comes with preinstalled Linux audio 

applications like Pure Data, Faust, and ChucK, which offer various audio functionalities. Its 

main objective is to provide a compact and standalone embedded prototyping platform. 

Satellite CCRMA is a versatile tool that aids in designing musical interactions and facilitates 

the development of innovative musical instruments and sound installations. [30] 

 

The utilization of satellite CCRMA formed the basis for developing a wide range of musical 

instruments and installations, each designed with unique functionalities and interactive 

capabilities. Projects include independent musical instruments that can function autonomously 

and enable musicians to control and produce sound through embedded sensors. It was also 

employed in multichannel audio setups, utilizing an external sound interface, as well as in 

implementing real-time audio effects within stompboxes. Additionally, video-based interactive 

installations were implemented with the help of this platform, employing webcams and water 

to generate sound samples. [31] 
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Figure 7: Satellite CCRMA example prototype. [32] 

 

2.5.4 Organelle  

 

The Organelle by Critter & Guitari (see Figure 8) is a compact synthesizer designed for sonic 

exploration and musical experimentation. Built around a Raspberry Pi embedded computer 

module, the Organelle can run the Pure Data programming environment, allowing musicians 

to synthesize, sample, apply effects, and everything in between. Powered by a 1.2GHz ARM 

Cortex A53 quad-core processor and 1GB RAM, running on a Linux operating system, it boots 

up in approximately 12 seconds. It delivers a sampling rate of 44.1kHz and 16-bit resolution, 

ensuring high-quality sound both on input and output. Its buttons, knobs, and keys are fully 

mappable, providing a customizable instrument that adapts to anyone’s creative needs. [33] 

 

The Organelle offers connections such as input and output jacks, USB ports, MIDI, an HDMI 

output port, and a footswitch jack, enhancing its versatility and integration capabilities. The 

makers of Organelle encourage community engagement by providing a platform for sharing 

their creations with others. This open-source approach allows for an ecosystem where 

musicians and programmers can collaborate, exchange ideas, and elevate the instrument’s 

capabilities. With its user-friendly interface, powerful abilities, and community-oriented 
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approach, the Organelle empowers musicians to unleash creativity and explore uncharted sonic 

territories, all within a compact and intuitive package. [34] 

 

 

Figure 8: Organelle M. [35] 

 

2.5.5 Prynth 

 

The Prynth project combines hardware and software elements to create a platform for 

prototyping and developing sound synthesizers. The hardware comprises a Raspberry Pi and a 

custom cape with a Teensy microcontroller for analog and digital I/O functionalities. Instead 

of providing built-in audio capabilities, Prynth offers a pre-configured JACK API that allows 

users to utilize any audio interface in the system. The software is a custom headless Linux 

distribution that includes an IDE capable of running the SuperCollider programming language 

and handling onboard audio processing and mapping. This feature enhances usability and 

facilitates remote control and configuration of the instrument. [36] 

 

The main objective of the Prynth project is to create user-friendly technologies and 

comprehensive guides for assembling musical instruments while fostering knowledge 

exchange and encouraging discussions among creators. The Prynth framework facilitates easy 

prototyping and instrument development by employing a plug-and-play approach for 

interfacing analog sensors with a sound synthesis engine. The provided documentation offers 

sufficient guidance for building instruments from scratch using the framework. Prynth 

significantly simplifies the instrument-building process, reducing setup time and integrating 

the sound synthesis engine of a DMI within the interface. [37] 
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Figure 9: Prynth Control Board Attached to Raspberry Pi. [38] 

 

3. The Bela platform 

3.1 Bela 

 

The Bela platform is a comprehensive hardware and software environment that combines 

advanced audio and sensor processing features. It was developed by the Augmented 

Instruments Laboratory at Queen Mary University of London to fulfill the requirement for a 

robust embedded instrument platform. The hardware is built on the BeagleBone Black single-

board computer with an integrated hardware extension known as the Bela cape (see Figure 10). 

This expansion module provides essential functionalities for audio, analog, and digital 

input/output, significantly enhancing audio-rate analog input and output capabilities. It also 

enables efficient low-latency audio processing, making it an excellent choice for various 

applications. Bela supports the execution of code compiled from multiple programming 

languages, including C++, Csound, SuperCollider, Faust, and Pure Data patches. [39] 
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Figure 10: Bela cape and BeagleBone Black. [40] 

3.1.1 Hardware Components 

 

The Bela system comprises two main hardware components: the Beaglebone Black and the 

Bela cape. The Beaglebone Black is based on the Texas Instrument Sitara AM3358 system-on-

chip (SoC), integrating a single-core ARM Cortex-A8 1 GHz CPU. It also incorporates two 

200 MHz Programmable Real-Time Units (PRUs), which are microcontrollers optimized for 

real-time operations. The Bela cape provides stereo audio input and output, 16-bit analog I/O 

with eight channels, and sixteen digital GPIO pins (see Figure 11). This combination of 

hardware components forms the foundation of the Bela system. [41] 

Figure 11: The Bela Hardware. [42] 
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3.1.2 Software Environment 

 

The Bela software environment, running on Debian Linux with Xenomai9 real-time kernel 

extensions, optimizes performance by enabling the direct transfer of audio and sensor data to 

the hardware, ensuring low-latency audio processing (see Figure 12). Jitter is eliminated by 

automatically sampling analog and digital channels at audio rates. Combining Xenomai with 

the Programmable Real-Time Units (PRUs), the Bela system achieves reliable hard real-time 

performance with round-trip latencies of less than 100 µs for analog I/O and less than 1 ms for 

audio I/O. The high-priority threads of Xenomai effectively utilize CPU time, resulting in 

uninterrupted audio processing even with other Linux services running in parallel. [43]  

 

Figure 12: The Bela Software. [44] 

3.1.3 Audio and Sensor Processing 

 

The Bela system delivers high audio and sensor performance (see Figure 13), making it suitable 

for real-time responsive applications. It enables audio sampling at 44.1 kHz and each of the 

eight sensors’ ADC and DAC channels at 22.05 kHz, allowing for capturing fine details and 

precise temporal profiles within sensor signals. The Bela system achieves low-latency and 

highly responsive audio applications with buffer sizes as small as two audio samples. This 

performance is a notable advantage compared to typical general-purpose operating systems that 

often require 32 samples or more audio buffer sizes. Furthermore, the Bela platform offers 

alternative sensor ADC and DAC formats. Instead of sampling eight channels at 22.05kHz 

each, users can sample four channels at 44.1kHz or two at 88.2kHz. [45] 
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\ 

Figure 13: Audio and Sensor Processing on Bela. [46] 

3.1.4 Integrated Development Environment 

 

The platform is built to offer a seamless plug-and-play experience for Digital Musical 

Instruments (DMIs) designers. The Bela Integrated Development Environment (IDE) provides 

easy access to parameters frequently adjusted during the instrument design process, enhancing 

the workflow for DMI designers. [47] It is a user-friendly interface offering features such as a 

text editor, project and file manager, interactive pin diagram, API reference, and examples 

showcasing different techniques and fully functional digital musical instruments. It also offers 

an oscilloscope tool for visualizing time and frequency domain signals and a graphical user 

interface for creating virtual controls and visualizations for any project. [48] 

 

 

Figure 14: Bela Integrated Development Environment. [49] 
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3.2 Comparison to Similar Platforms 

 

Compared to microcontroller-based platforms, such as Daisy or OWL, Bela offers greater 

processing power while providing real-time performance. It also shows the advantages of a 

whole Linux operating system and remains minimally affected by system load. Unlike 

Organelle or Prynth, primarily designed as programmable sound synthesizers, Bela is more 

versatile and serves as a general-purpose solution. Unlike the CCRMA Satellite, which 

operates on a Raspberry Pi and relies on standard Linux audio drivers, the Bela software utilizes 

Xenomai extensions on the BeagleBone Black CPU. This approach guarantees consistent and 

reliable performance, even achieving sub-millisecond latency, despite other processes on the 

board. Additionally, Bela provides a more significant number of audio and sensor input/output 

options compared to commonly available Raspberry Pi hats. Subsequently, due to its ample 

processing power and extensive I/O capabilities, Bela fully meets the requirements of a self-

contained device suitable for embedding in standalone Digital Musical Instruments or sounding 

objects. [50] 

 

4. Building the Pedal 

4.1 Idea 

 

The concept for the pedal was to achieve maximum compactness, resembling a stompbox pedal 

like the OWL. However, incorporate fully customizable buttons and knobs like the Organelle 

interface. Its design should include visual indicators to provide feedback on parameter 

adjustments and the selection of effects, enabling a versatile multi-effect configuration. 

Moreover, the pedal should be compatible with any pedal board configuration by supporting 

standard guitar pedal power supplies. Additionally, the hardware should be open-source, 

making all essential data, including schematics, CAD files, bills of materials, etc., accessible 

to the public. 
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4.1.1 Considerations 

 

To ensure maximum compactness, the pedal is built around the Bela Mini, which is based on 

the PocketBeagle and is significantly smaller than the original Bela board. Despite its smaller 

size, the Bela Mini still offers the same processing capabilities as the standard Bela board based 

on the BeagleBone Black. However, unlike the normal Bela, the Bela Mini does not include 

analog sensor outputs, line-level audio outputs, and ethernet connection (see Figure 15). [51] 

Furthermore, to maintain the project’s open-source nature, all the data and information 

essential for reproducing the project are published on platforms like GitHub and similar 

repositories. 

 

 

Figure 15: Comparison between Bela and Bela Mini. [52] 

4.1.2 First Prototype 

 

The first prototype was set up on a breadboard, connecting all the sensors via jumper cables to 

the Bela Mini. It incorporated four analog potentiometers that allow the control of one effect 

at a time and an on-off-on momentary toggle switch to skip back and forth between effects (see 

Figure 16).  However, as the analog input values, such as potentiometers, are handled at the 

sampling rate and received continuously on Bela, they impose their initial value on the chosen 

parameters, making it impossible to retain the values. Consequently, the utilization of analog 

potentiometers in a multi-effect setting becomes inefficient. 
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Figure 16: First Prototype. 

4.2 Rotary Encoder 

 

Rotary encoders are a viable alternative to potentiometers in digital audio equipment like audio 

mixing boards, sound processing equipment, instrument amplifiers, and guitar effects pedals. 

They offer significant advantages over potentiometers, including higher resolution due to 

generating digital signals that can be accurately measured and counted. In addition, rotary 

encoders generate digital signals that can be stored and retrieved, making them suitable for a 

multi-effect setting and extending individual control functionalities. [53] 

4.2.1 Working Principle 

 

A rotary encoder is an electro-mechanical device that detects and measures rotational motion 

by dividing a complete revolution into a limited number of discrete positions. The unit features 

three pins labelled A, B, and C. Inside the encoder, there are two internal switches. One 

connects pin A to pin C, while the other links pin B to pin C. These switches can be in either 

an open or closed state for each encoder position. As the encoder is rotated, clockwise or 

counterclockwise, the internal switches are activated and change their states. Consequently, the 

electrical connection between the pins opens or closes depending on the direction of rotation. 

As the encoder rotates, it produces a series of square wave pulses, which help determine the 

total number of cycles and their direction (see Figure 17). [54] 
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Figure 17: Rotary Encoder Working Principle. [55] 

4.2.2 Encoder Switch 

 

Moreover, the encoder is equipped with an additional switch. This switch is separate from the 

rotational function and is activated by pushing down the encoder shaft. The switch has two pins 

located on the opposite side of the encoder, typically referred to as S1 and S2. Within the 

switch, two metal components are linked to each of its terminals. These metal contacts do not 

touch in the unpressed state, resulting in an open circuit. However, when the shaft of the 

encoder is pressed, the two metal pieces come into contact, closing the circuit and enabling the 

flow of electricity. This mechanism establishes the two distinct states: 0 for the unpressed state 

and 1 for the pressed state, which can be read using Bela’s digital pins. [56] 

4.2.3 Pull-up Resistors 

 

Bela Mini provides 16 digital pins that can be configured as either inputs or outputs. When 

configured as digital inputs, these pins can read up to 3.3V when on or 0V when off. Connecting 

an encoder, including the switch to the digital inputs of Bela, requires the addition of pull-up 

resistors in conjunction with pins A, B, and S1, while pins C and S2 are connected directly to 

the ground (see Figure 18). The purpose of these resistors is to maintain a stable reading of 

3.3V when the circuit is open, which would otherwise fluctuate randomly between the 

minimum and maximum values. [57]  
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Figure 18: Rotary Encoder Connection. 

 

4.2.4 Encoder Circuit 

 

The circuit (see Figure 19) has been designed to produce a low signal when the switches are 

closed and a high signal when the switches are open. When they are closed, a ground 

connection is established at pins C or S2, which is then transmitted to the A and B pins or the 

S1 pin correspondingly, resulting in a low output. On the other hand, when the switches are 

open, a 3.3V supply input and 10k pull-up resistors are utilized to generate a high output, 

ensuring that both A, B and S1 are set to high. [58] 

 

 

Figure 19: Rotary Encoder Circuit. 
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4.3 Momentary Footswitch 

 

In addition to the four rotary encoder switches, two additional momentary footswitches were 

added to the circuit (see Figure 20). Unlike latching footswitches, which have two states and 

function as on/off switches, momentary footswitches act like push buttons, remaining active 

only as long as they are pressed. Latching footswitches are extensively used in analog effect 

pedals, primarily for bypass. Momentary switches, on the other hand, prove to be more 

advantageous in digital signal processing applications since their functions can be assigned 

through software rather than being predetermined in the hardware. This flexibility allows a 

single switch to be allocated for various functions, including bypass, tap tempo, and even 

looper functionalities like record, play, stop, and clear. [59] 

 

 

Figure 20: Momentary Footswitch Connection. 

4.4 LED  

 

The initial proposal for the visual indicator involved utilizing a four-pin RGB LED (see Figure 

21 (a)) to showcase the chosen effect’s color. However, this became problematic to implement 

as the Bela Mini version lacked the necessary analog outputs to drive such an LED. Another 

RGB solution could have been a NeoPixel LED (see Figure 21 (b)) that is usually controlled 

via a Serial Peripheral Interface (SPI) bus. This communication type can be set up with the 

Bela Mini, but it requires sacrificing either the audio input or output, making it an unreasonable 

solution for this project. 
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                            (a) Common Cathode RGB LED. [60]                  (b) NeoPixel RGB LED. [61] 

Figure 21: Common Cathode and NeoPixel RGB LEDs. 

 

 

The final decision fell on implementing a bicolor red and blue 5mm LED that can also produce 

purple by alternating between the two colors very quickly. By achieving three different colors, 

this LED is versatile enough to provide simple visual feedback for different states and changes. 

To operate the LED, a voltage of 3.3V needs to be supplied to both of its anodes while its 

common cathode is connected to the ground. As mentioned earlier, Bela Mini provides 16 

digital pins that can be configured as either inputs or outputs. When configured as digital 

outputs, these pins can output a voltage of 3.3V when turned on or 0V when turned off. To 

prevent the LED from receiving excessive current and subsequently burn out, a 240Ω resistor 

is connected in conjunction with its cathode (see Figure 22). [62] 

 

Figure 22: Bicolor LED Connection. 
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4.5 OLED  

 

With the introduction of rotary encoders, there was a need to provide additional and more 

complex visual feedback besides the bicolor LED. Unlike potentiometers that have a limited 

rotational range that can be sufficiently estimated without additional indicators, rotary encoders 

have infinite rotation capability, making it impossible to track their values accurately without 

some form of visual feedback. To visualize the values of each parameter controlled by the 

encoders, an additional OLED screen was incorporated. 

 

OLED (Organic Light Emitting Diode) comes in a wide range of options in terms of resolution, 

color, size, and driver requirement. The selected model for this project is a 96-inch 

monochrome SSD1315 OLED screen with a resolution of 128x64 pixels, which can be 

controlled using the I2C digital communication protocol. I2C provides a convenient method 

for sending and receiving data from a network of sensors or devices. One of the key advantages 

of I2C is its simplicity, as it only requires two wires for communication (data and clock), in 

addition to power and ground connections. To wire up the screen to Bela, the Data line (SDA) 

and Clock line (SCL) are connected to the SDA and SCL pins of the I2C2 bus on the board, 

while the GND and VCC pins to any of the available grounds and 3.3V supplies respectively 

(see Figure 23). [63]  

 

 

Figure 23: OLED Screen Connection. 
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4.6 External Power Supply 

4.6.1 Setup 

 

To ensure compatibility with external wall plugs or pedal board power supplies, a DC Barrel 

Jack was incorporated that accommodates either 2.1 mm or 2.5 mm plugs. Externally powering 

the board requires a power supply of 5V connected between one of the GND pins and P1.01. 

[64] However, this method has proven unstable, leading to unexpected reboots and incomplete 

boot-ups. [65]  

 

On the other hand, the PocketBeagle provides built-in support for batteries, allowing for an 

external power supply ranging from 2.75V to 5.5V. To ensure the proper functioning of the 

audio codec, the board requires a minimum of 4.5V and 100mA. To connect the power supply 

to the battery input (see Figure 24), the sleeve of the DC Barrel is connected to the positive 

input labelled BAT+ (P2 – Pin 14), while its tip is connected to the ground reserved for the 

battery input (P2 – Pin 15). [66] This connection results in a negative polarity commonly used 

in guitar effect power supplies. 

 

 

 

 

Figure 24: External Power Supply and Power Button Connection. 
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4.6.2 Power Switch 

 

When powered by a USB supply, the board automatically powers up. However, a power switch 

must be added when an external supply is used, which is set up by incorporating a push button 

between P2 Pin 12 (labelled PB) and one of the available ground pins (see Figure 24). Shorting 

PB to ground acts as the main power button for the PocketBeagle and is also suitable for 

powering off the board correctly, eliminating the risk of memory loss that could occur when 

simply cutting the power from the board. [67] 

4.6.3 Issue 

 

While the external power supply can be helpful in specific scenarios, it has its drawbacks due 

to a particular design restraint of the PocketBeagle. This limitation states that the USB host 

port can only be powered by the 5V from the micro-USB port and not from any other sources. 

Consequently, when using the external power supply, any devices connected to the USB host 

port of the Bela Mini, such as Wi-Fi dongles or MIDI keyboards, become unusable. [68] 

 

4.7 Expression Pedal 

 

To enhance the device’s level of control and expressiveness, an expression pedal input was 

integrated. An expression pedal (see Figure 25) is a tool that enables real-time control over 

multiple parameters of multi-effect units, stomp boxes, synthesizers, and MIDI controllers. It 

offers a hands-free method to dynamically manipulate different aspects of an effect, whether 

in live performances or recording sessions. [69] 

 

 

 

Figure 25: M-Audio Expression Pedal. [70] 
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4.7.1 Working Principle 

 

An expression pedal contains a potentiometer, with its shaft linked to the pedal’s treadle. The 

shaft of the potentiometer is rotated by rocking the treadle back and forth. The potentiometer 

has three pins: Ground, Signal, and Power. The resistance on each side of the central Signal 

pin is adjusted by rotating the shaft of the potentiometer. This adjustment alters the voltage on 

the middle pin by changing its proximity to either Power or Ground (see Figure 26). The analog 

input of a Bela system can measure the voltage change on the Signal pin. [71]  

 

 

Figure 26: Expression Pedal Working Principle. [72] 

4.7.2 Polarity 

 

To ensure proper functionality, it is essential that the expression pedal’s polarity matches that 

of the connected device. Polarity refers to how the wiring is configured for both the expression 

pedal and the effects unit. Most expression pedals use the TRS (Tip, Ring, Sleeve) 

configuration (see Figure 27), although some may utilize the RTS polarity. Certain pedals 

feature a polarity switch that allows switching between TRS and RTS. [73] 

 

Since most expression pedals support the TRS wiring configuration, this polarity was 

implemented for the extension cape. With TRS, the tip of the 6.3 mm stereo jack socket is 

connected to the 5V supply of the Bela board, the ring to the analog input, and the sleeve to the 

ground. If the tip and sleeve were flipped, it would result in inverted readings from the 
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potentiometer. However, swapping the tip and ring, as in the case of RTS configuration, would 

result in a short circuit. 

 

 

Figure 27: Expression Pedal Circuit. [74] 

4.8 Audio I/O 

 

Bela Mini offers two audio input and two audio output channels, accessible via 3-pin Molex-

style connectors. Bela’s audio input and output levels are determined by the adjustable settings 

of the audio codec, which can be configured through the Settings tab in the IDE (see Figure 

28). This configuration option allows for connecting various musical instruments, 

microphones, and piezo pickups, providing a maximum gain of 59.5 db. When the gain is set 

to 0dB, the audio input range of Bela has a peak-to-peak amplitude of 1.8Vpp, while the 

headphone output 2.6Vpp. [75] 

 

 

 

Figure 28: IDE Audio Settings. 
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The Bela Mini Starter Kit includes two audio adapter cables connecting a 3.5mm stereo jack 

socket to the audio input and output. This connector type is highly suitable for accommodating 

input sources such as synthesizers or mobile phones and providing output to headphones or 

speakers. However, it is unsuitable for guitar pedal implementation, which usually incorporates 

6.3mm mono jack sockets for audio input and output. 

Figure 29: Bela Molex-style Audio Adapter Cables. [76] 

 

To align with this standard, a 6.3mm mono jack socket was incorporated as an audio input to 

facilitate seamless connection with musical instruments, effect pedals, and other audio devices 

that can serve as audio sources. Two identical sockets were included for stereo audio output, 

enabling connection with guitar amps, audio interfaces, and comparable equipment. 

Additionally, a 3.5mm stereo jack socket was incorporated specifically for headphone usage, 

allowing the device to be operated without requiring external amplification. 

 

 

Figure 30: Audio Input and Output Circuit. 
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5. Extension Cape  

5.1 Development Process 

 

The increasing number of components and cable connections has resulted in the expansion of 

the hardware’s size (see Figure 31), presenting a notable obstacle to the goal of designing a 

compact device. To overcome this issue, the creation of an extension cape has been proposed 

that combines all the necessary components into a single circuit. 

 

Figure 31: Breadboard Circuit including all Components. 

 

As Bela is an open-source hardware and software platform, the schematics and printed circuit 

board (PCB) layouts for all Bela products are accessible to the public. [77] This accessibility 

proves beneficial when designing an extension cape for any Bela product, as it provides precise 

connector size and placement information. The development of Bela products utilized KiCad, 

a popular free software widely employed by the maker community for designing electronic 

hardware. Consequently, the proposed extension cape was also created using this software. 

 

The development of the PCB began by setting up a schematic mirroring the breadboard layout, 

encompassing all the necessary components and their connections to the appropriate pins on 

the Bela board (see Figure 32). Subsequently, each element was assigned specific footprints, 

ensuring their accurate fit and placement on the circuit board. Once the schematic was 

completed, the PCB Editor was utilized to integrate all the components into a unified circuit 

and establish the connections according to the schematic design (see Figure 33).  

(All files, including schematics and PCB layout are available in the GitHub repository.) [78] 
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Figure 32: Extension Cape Schematic. 

 

 

 

Figure 33: Extension Cape PCB Design. 
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5.1.1 Result 

 

The final dimensions of the PCB measure 62x123mm and include footprints for four rotary 

encoders, each equipped with a switch, two momentary footswitches, a 6.3 mm mono jack 

socket for audio input, two identical sockets for stereo audio output, a 3.5 mm stereo jack socket 

for headphone output, a 6.3 mm stereo jack socket for expression pedal input, both a bicolor 

LED and OLED screen for visual feedback, a DC Barrel Jack enabling an external power 

supply and a tactile switch, acting as the main power button for the board. 

 

 

 

Figure 34: Printed Circuit Board. 
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5.2 Bill of Materials 

 

The following list contains the necessary components required for assembling the extension 

cape. All these components fit seamlessly within their designated footprints on the PCB. 

 Component Reference Footprint Quantity 

1 

SMD Chip Resistor 0603, 10 kOhm, 

100 mW, 1% 

R1, R2, R3, R4, R5, R6, 

R8, R9, R10, R11, R12, 

R13, R14, R15 R_0603_1608Metric 14 

2 

SMD Chip Resistor 0603, 240 Ohm, 

100 mW, 1% R7 R_0603_1608Metric 1 

3 

Tactile Switch, 6.6 x 7.4 mm, 

Horizontal PCB Mounting SW 

SW_Tactile_SPST_Angled_PT

S645Vx58-2LFS 1 

4 

ALPS STEC12E08 – Incremental 

Rotary Encoder with Momentary 

Push Switch (6mm shaft) 

[enc_1], [enc_2], 

[enc_3], [enc_4] 

RotaryEncoder_Alps_EC11E-

Switch_Vertical_H20mm 4 

6 

Neutrik NRJ4HF – 6.3mm Mono 

Jack Socket for Horizontal PCB 

Mounting 

[adc~ 1],  

[dac~ 1], [dac~ 2] 

Jack_6.35mm_Neutrik_NRJ4H

F_Horizontal 3 

7 

Neutrik NRJ4HF 6.3mm Stereo Jack 

Socket for Horizontal PCB 

Mounting [expr_in] 

Jack_6.35mm_Neutrik_NRJ6H

F_Horizontal 1 

8 

CUI Devices SJ1-3535NG – 3.5mm 

Stereo Jack Socket for Horizontal 

PCB Mounting [dac~ 1 2] 

Jack_3.5mm_CUI_SJ1-

3535NG_Horizontal 1 

9 

Thomann PF4520 – Momentary 

Footswitch with 2 Solder Terminals F_SW Mounting Hole 12 mm 2 

10 

Bicolour 3mm (red/blue) LED with 

Common Cathode [led] LED_D3.0mm-3 1 

11 

0.96″ OLED Display 128×64 I2C 

SSD1315, Monochrome (White) [oled] 

PinSocket_1x04_P2.54mm_Ver

tical 1 

12 Pin Header 2.54 mm, 2X18, straight J1, J2 

PinHeader_2x18_P2.54mm_Ve

rtical 2 

13 Pin Socket 2.54 mm, 1X03, straight J3, J4 

PinSocket_1x03_P2.54mm_Ver

tical 2 

14 Pin Header 2.54 mm, 2X02, straight J7 

PinHeader_2x02_P2.54mm_Ve

rtical 1 

15 Pin Header 2.54 mm, 1X02, straight J8 

PinHeader_1x02_P2.54mm_Ve

rtical 1 

16 Pin Header 2.54 mm, 1X01, straight J11 

PinHeader_1x01_P2.54mm_Ve

rtical 1 

17 

CLIFF FCR681465 – DC Socket for 

2.1mm & 2.5mm Plugs / Horizontal 

PCB Mounting J12 BarrelJack_Horizontal 1 
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5.3 Assembly 

 

Once all the necessary components were gathered, the following steps were followed to ensure 

proper installation and functionality of the board. (For component position, refer to Figure 35 

or interactive BOM) [79] 

 

Step 1: Adding Resistors. 

The first step is to add the resistors to the circuit board. Resistors R1, R2, R3, R4, R5, R6, R8, 

R9, R10, R11, R12, R13, R14, R15 (10k) are soldered onto their designated areas, 

corresponding to the rotary encoders and switches. Additionally, resistor R7 (240R) is soldered 

to facilitate the LED operation. 

 

Step 2: Attaching Headers and Sockets 

Next, both 2x18 male headers (J1 and J2) are affixed to the circuit board, serving as the primary 

connection point with the Bela Mini, providing power supply as well as both digital and SPI 

communication. Furthermore, the 1x1 male header (J11) is connected to the A0 pin, 

establishing a connection with the expression pedal input. Additionally, 1x3 sockets (J3 and 

J4) are employed to establish the necessary connections for audio input and output. 

 

Step 3: Connecting Audio Inputs and Outputs 

To enable audio functionality, all three 6.3mm Mono Jack Sockets are attached to their 

designated place on the circuit board. Furthermore, the 6.3mm Stereo Jack Socket is connected 

to allow for an expression pedal input. Lastly, the 3.5mm Stereo Jack Socket is installed to 

accommodate the headphone output. 

 

Step 4: Adding Power Supply Components 

To set up the external power supply, both the DC Jack Barrel (J12) and Push Button (SW) are 

integrated into the circuit board.  

 

Step 5: Attaching Foot Switches 

Next, the 2x2 male header (J7) is affixed to the circuit board, allowing for the connection of 

both momentary foot switches. These foot switches are securely fastened in their designated 

12mm mounting holes, and their legs are connected to the respective header pins. 
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Step 6: Attaching Rotary Encoders 

The rotary encoders (Enc_1, Enc_2, Enc_3, Enc_4) are attached to the circuit board, ensuring 

that their bottom side does not come into contact with any underlying pins. This precaution is 

taken to prevent interference or malfunction. 

 

Step 7: Adding LED 

The bicolor LED is added, and its legs are cut to the appropriate length. The red anode is 

connected to digital pin 8, while the blue anode is attached to digital pin 10.  

 

Step 8: Attaching OLED 

Finally, the OLED display is connected to its designated footprint, finalizing the assembly 

process.  

 

 

Figure 35: PCB Component Positions. 
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5.4 Enclosure 

 

As shown in Figure 36, the assembled extension cape can be easily connected to the Bela Mini 

and used as is.  

 

Figure 36: Extension Cape connected to Bela Mini. 

 

However, for enhanced stability and compactness, an enclosure has been designed (see Figure 

37), which can be manufactured using a laser cutter and any 3mm thick material suitable for 

this purpose. 

 

 

Figure 37: Enclosure Drawing. [80] 
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The cape features four mounting holes, one at each corner, intended for attaching the enclosure 

to the cape. To assemble the case, additional standoffs and screws are required to hold 

everything together. Four M2.5 5mm Female to Male Standoffs are mounted to the top of the 

PCB, along with four M2.5 25mm Female to Female Standoffs mounted to the bottom. Finally, 

eight M2.5 6mm Screws are added to attach the case’s top and bottom sides to the standoffs. 

 

 

 

 

Figure 38: Extension Cape Enclosure. 
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6. Software Framework 

 

A further project goal is that the software is easily customizable, allowing users with different 

coding backgrounds to develop and apply their unique audio effects on this specialized 

hardware. To make this possible, an example project called “Delay_Chain” [81] was created 

using the Pure Data platform. This comprehensive software framework provides the essential 

code for operating the hardware and integrates various obsolete audio effects like Hammond’s 

scanner vibrato, tape delay, and Schroeder reverberator. It aims to offer users a versatile and 

user-friendly platform for exploring and implementing their creativity in audio effect 

customization on this specialized audio hardware.  

6.1 Pure Data 

 

Pure Data (Pd), created by Miller S. Puckette, is a graphical computer music language that 

facilitates real-time applications. Utilizing a graph-oriented approach, Pd enables visual 

programming through data flow diagrams, offering rapid prototyping and the construction of 

dynamic patches and scripts. Moreover, it supports network communication, enabling real-time 

interaction and patch exchange among multiple Pd instances, even across the internet. [82]  

 

Being open-source and freely available, Pd can be accessed on various platforms, empowering 

composers and musicians to explore, improvise, and create innovative forms of interactive 

music. The utilization of a block-based coding methodology has made it widely popular among 

beginners, as it provides an intuitive learning environment. As a result, Pd became an 

indispensable tool in the realm of computer music and the chosen software environment for the 

development of this project. [83] 

6.2 Pd on Bela 

 

Bela utilizes the libPd library, enabling the execution of Pd’s core DSP functionality on the 

board. It operates in a “headless” mode, implying that only the essential audio components of 

Pd run on Bela without the graphical interface. This means that the IDE does not function as a 

Pure Data patching environment, so object creation or editing is not possible within the IDE. 

Instead, patches are created using Pure Data on a laptop and then uploaded to Bela. The main 
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patch of a project must always be named “_main.pd”; otherwise, it will not be recognized by 

the platform. Any additional sub-patches and abstractions can have any name and will be 

identified as long as they are connected to the main patch. [84] 

6.2.2 Limitation  

 

One significant drawback of the Bela system is its support limited exclusively to Pd Vanilla 

objects. [85] This can lead to restrictions on code complexity or necessitate the reconstruction 

of Pd extended objects using the available ones. While it is feasible to compile specific Pd 

extensions for Bela, achieving this requires advanced coding skills and may lead to buggy 

results or, in some cases, no support at all. 

6.3 Main Patch 

 

In the context of the Delay_Cain example project, the parent patch (see Figure 39) takes charge 

of managing all audio processes. It contains all three effects chained in interchangeable order 

and connected to the audio input and outputs, respectively. All other sub-patches and 

abstractions are associated with this main patch through the [interface] sub-patch, allowing 

Bela to identify them as integral components of the project. 

Figure 39: Main Patch. 



39 
 

6.3.1 Audio I/O 

 

The [adc~] and [dac~] objects are used to handle audio inputs and outputs in Pd. To access the 

stereo audio input on Bela, the [adc~ 1 2] is utilized, while sending audio to the stereo output 

involves connecting to [dac~ 1 2]. [86] However, only [adc~ 1] can be employed when using 

the extension cape because the audio pin corresponding to [adc~ 2] is not connected to any 

physical input. On the other hand, both [dac~ 1] and [dac~ 2] objects are accessible since these 

are connected to the headphone output and the two mono 6.3mm sockets, respectively. 

6.3.2 Crossfade 

 

A crossfade mechanism has been integrated to allow blending between the dry input signal and 

the output of all three effects. Instead of using a linear reverse panner that results in a 3dB 

amplitude reduction at its center position, a sine-cosine law crossfader has been employed. This 

alternative crossfader minimizes amplitude reduction and ensures a smoother transition 

between the signals. [87] 

 

Figure 40: Crossfade Abstraction. 

6.3.3 Bypass 

 

The main patch also incorporates the bypass function, which is achieved solely through 

software within the digital processor. This form of digital bypassing is unique to DSP-based 

guitar effects. It shares similarities with true bypass, where the guitar signal is sent directly to 

the amplifier without interference, impedance changes, or buffering effects. However, in this 

case, the analog guitar signal is still converted to digital and then back to analog but without 
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additional signal modifications. The sound quality of this bypass method relies heavily on the 

digital converter’s quality, band-limiting, and anti-aliasing filters. [88] 

6.4 Addressing the Physical Interface 

 

The extension cape features four rotary encoders, each equipped with a switch, as well as two 

footswitches, all of which can be assigned based on preferences. All the digital data received 

from these components is obtained and addressed within the [interface] sub-patch (see Figure 

41). 

 

Figure 41: Interface Sub-patch. 
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6.4.1 Digital Input 

 

Bela’s digital pins have two distinct states, commonly referred to as “high” or “low.” Each 

digital pin can be configured as either an input or an output, and their mode is initialized in the 

patch by sending messages to the [bela_setDigital] object. It’s important to note that Bela’s 

digital pins 0-16 are identified as pins 11-26 within the Pure Data environment. To read the 

value of a particular digital input, the [r bela_digitalIn$] object is used, where “$” represents 

the pin number. This digital input can only have two possible values: 1 or 0. The transition 

between these states depends on the input received at the pin. When the button connected to 

the digital input is pressed, it closes the circuit, and the input will read 3.3V, “which is 

interpreted as one on Bela. Conversely, when the button opens, the input pin reads 0V, 

representing 0 on Bela. [89] 

6.4.2 Button Functions 

 

In the case of the Delay_Chain project, the bottom left and right rotary encoder switches are 

utilized to alternate between effects in both forward and backward directions. The top left 

rotary encoder switch is designated to enable/disable the expression mode, while the top right 

is employed to access alternative parameters for a specific effect. Moreover, the primary 

function of the right footswitch is to serve as the bypass switch, but it can be assigned for 

alternative uses for particular effects. The right footswitch is labelled [bang], which embraces 

various tasks for different effects, such as tap tempo, record, play, etc. 

6.4.3 Rotary Encoder 

 

Interfacing with sensors such as rotary encoders require precise control of digital pins and 

accurate timing, which is often easier to achieve with C++ than with Pure Data. To accomplish 

this, a custom render.cpp file is added to the project, allowing signals and messages to be 

exchanged between the Pure Data project and the C++ code. By implementing the interfacing 

protocol in C++, the Pure Data patch can act as a receiver for the readings collected by the 

render.cpp file. [90] 
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To obtain rotary encoder values from the render.cpp file and transmit them to PD, two C++ 

codes were merged taken from the IDE’s examples section. The primary code is a modified 

version of render.cpp that could interpret readings from an Ultrasonic Ranging Module and 

forward them to PD. The second code is an example that could retrieve and record rotary 

encoder values while also displaying them on the console. Upon correctly incorporating the 

encoder code into the render.cpp file, it became possible to transmit the data of four rotary 

encoders and receive their value with a receive object in PD. 

6.4.4 Custom Render File Modification 

 

The following code contains all the modifications added to render.cpp file. 

(The full code is available in the GitHub repository.) [91] 

// Custom libpd render.cpp to read and send four rotary encoder values to a 

Pure Data patch. 

 

//Encoder Modifications 

 

Encoder gEncoder0; 

//Scope gScope; 

// Bela digital input channels connected to the encoder and button 

unsigned int kEncChA = 0; 

unsigned int kEncChB = 1; 

// unsigned int kEncChBtn0 = 2; 

 

Encoder gEncoder1; 

unsigned int kEncChC = 3; 

unsigned int kEncChD = 4; 

// unsigned int kEncChBtn1 = 5; 

 

Encoder gEncoder2; 

unsigned int kEncChE = 15; 

unsigned int kEncChF = 13; 

// unsigned int kEncChBtn2 = 14; 

 

Encoder gEncoder3; 

unsigned int kEncChG = 6; 

unsigned int kEncChH = 7; 

// unsigned int kEncChBtn3 = 9; 

 

// adjust the values below based on your encoder and wiring 

unsigned int kDebouncingSamples = 15; 
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Encoder::Polarity polarity = Encoder::ANY; // could be ANY, ACTIVE_LOW, 

ACTIVE_HIGH 

     

     //------------------------------------------------- 

 

    //gScope.setup(3, context->audioSampleRate); 

        gEncoder0.setup(kDebouncingSamples, polarity); 

        // Set the digital pins to inputs 

        pinMode(context, 0, kEncChA, INPUT); 

        pinMode(context, 0, kEncChB, INPUT); 

        // pinMode(context, 0, kEncChBtn0, INPUT); 

         

        gEncoder1.setup(kDebouncingSamples, polarity); 

        pinMode(context, 0, kEncChC, INPUT); 

        pinMode(context, 0, kEncChD, INPUT); 

        // pinMode(context, 0, kEncChBtn1, INPUT); 

         

        gEncoder2.setup(kDebouncingSamples, polarity); 

        pinMode(context, 0, kEncChE, INPUT); 

        pinMode(context, 0, kEncChF, INPUT); 

        // pinMode(context, 0, kEncChBtn2, INPUT); 

         

        gEncoder3.setup(kDebouncingSamples, polarity); 

        pinMode(context, 0, kEncChG, INPUT); 

        pinMode(context, 0, kEncChH, INPUT); 

        // pinMode(context, 0, kEncChBtn3, INPUT); 

 

        //------------------------------------------------- 

{ 

        for(unsigned int n=0; n<context->digitalFrames; n++){ 

                bool a = digitalRead(context, n, kEncChA); 

                bool b = digitalRead(context, n, kEncChB); 

             

                // bool button0 = digitalRead(context, n, kEncChBtn0); 

                Encoder::Rotation ret = gEncoder0.process(a, b); 

               

                if(Encoder::NONE != ret) 

              // { 

                 //       rt_printf(“%s : %3d\n”, Encoder::CCW == ret ? “ccw” 

: “cw “, gEncoder.get()); 

                    libpd_float(“encoder1”, gEncoder0.get()); // send to Pd   

    

        }    

} 

     

    { 

        for(unsigned int n=0; n<context->digitalFrames; n++){ 

                bool c = digitalRead(context, n, kEncChC); 
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                bool d = digitalRead(context, n, kEncChD); 

             

                // bool button1 = digitalRead(context, n, kEncChBtn1); 

                Encoder::Rotation ret = gEncoder1.process(c, d); 

               

                if(Encoder::NONE != ret) 

              // { 

                 //       rt_printf(“%s : %3d\n”, Encoder::CCW == ret ? “ccw” 

: “cw “, gEncoder.get()); 

                    libpd_float(“encoder2”, gEncoder1.get()); // send to Pd   

                    

        }   

} 

 

    { 

        for(unsigned int n=0; n<context->digitalFrames; n++){ 

                bool e = digitalRead(context, n, kEncChE); 

                bool f = digitalRead(context, n, kEncChF); 

             

                // bool button2 = digitalRead(context, n, kEncChBtn2); 

                Encoder::Rotation ret = gEncoder2.process(e, f); 

               

                if(Encoder::NONE != ret) 

              // { 

                 //       rt_printf(“%s : %3d\n”, Encoder::CCW == ret ? “ccw” 

: “cw “, gEncoder.get()); 

                    libpd_float(“encoder3”, gEncoder2.get()); // send to Pd   

                    

        } 

} 

        { 

        for(unsigned int n=0; n<context->digitalFrames; n++){ 

                bool g = digitalRead(context, n, kEncChG); 

                bool h = digitalRead(context, n, kEncChH); 

             

                // bool button3 = digitalRead(context, n, kEncChBtn3); 

                Encoder::Rotation ret = gEncoder3.process(g, h); 

               

                if(Encoder::NONE != ret) 

              // { 

                 //       rt_printf(“%s : %3d\n”, Encoder::CCW == ret ? “ccw” 

: “cw “, gEncoder.get()); 

                    libpd_float(“encoder4”, gEncoder3.get()); // send to Pd   

                    

        }     

}    

 

} 
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6.4.5 Encoder Receiver 

 

To account for the possibility of infinite increments or decrements of the encoder values 

received from render.cpp, it was necessary to impose limits on their range within Pure Data. 

To achieve this, a system was developed that detects if the value is increased or decreased and 

outputs -1 or 1 for each change, respectively. Additionally, five send objects were integrated 

for both negative and positive values, enabling one encoder input to be routed and control 

multiple parameters if needed. To further refine the system, an if statement was introduced to 

compare the amount of the change in the value received from the render.cpp file to a threshold 

of 3. This evaluation is used to provide a longer debounce time for slow rotation of the encoder 

and no debouncing when it is rotated fast. 

 

 

 

Figure 42: Encoder Receiver Sub-Patch. 
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6.4.6 Encoder Abstraction 

 

In order to control multiple parameters using one encoder input, an abstraction was set up to 

address the values received from the [encoder_in] sub-patch. Abstractions are reusable sub-

patches that allow for the creation of multiple instances, each with distinct behaviors, by setting 

different creation arguments in the object box. [92] This particular abstraction is initiated with 

the following parameters: <encoder_in_nr> <fx_nr> <min_range> <max_range> 

<nr_of_steps> <initial_value>. This means that [encoder 2 3 0 100 50 25] translates into an 

abstraction that takes input from [encoder_in 2], assigns it to effect number 3, spans a range 

from 0 to 100 in 50 steps, and loads at an initial value of 25. 

 

 

Figure 43: Encoder Abstraction. 
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6.5 Expression Pedal Input 

 

The expression pedal is equipped with a potentiometer, and its signal pin connects to Analog 

In 0 on the board. Bela’s analog inputs are treated like audio signals, and the [adc~] object is 

used to receive this data in Pd. The audio inputs on Bela start at [adc~ 3], as the first two 

channels are reserved for audio inputs. These inputs are sampled at an audio sampling rate and 

treated as audio signals. [93] 

 

Since the potentiometer’s analog reading comes into Pd at an audio rate, it must be converted 

to a control rate signal to remap its value. To achieve this, an [env~] object is employed, which 

acts as an envelope follower and outputs the Root Mean Square (RMS) amplitude in decibels, 

with one normalized to 100 dB. Next, the output is sent to a [dbtorms~] object, which converts 

the decibel value to a linear amplitude. This results in a control value of 0 when the 

potentiometer is turned down and a reading close to one when turned up completely. 

 

To control the desired parameter using the expression pedal, a selection system is implemented 

that assigns the incoming value based on the user’s selection using the rotary switch knobs. 

The top left rotary encoder switch is designated to turn the expression mode on/off. Pressing 

this switch selects and links the assigned parameter to the expression pedal for control. By 

pressing the buttons of the other encoders, users can choose the parameter they want to control. 

To exit the expression mode, the top left button must be pressed again.  

 

 

Figure 44: Expression Sub-patch Section. 
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6.6 Operating the LED  

 

To operate the LED, both digital pins connected to its anodes have to be set up as outputs by 

sending the appropriate messages to the [bela_setDigital] object. In the case of the extension 

cape, the red anode of the LED is connected to digital pin 8, while the blue anode is attached 

to pin 10. These correspond to [bela_digitalOut19] and [bela_digitalOut21] in Pd. Sending a 

value of 1 to these objects turns the state of the pins “high,” which means that they output 3.3v. 

On the other hand, when they receive a value of 0, they enter a “low” state, outputting no 

voltage at all. [94]  

 

The Delay_Chain project sets the LED’s initial color to blue, and its on/off state is managed 

by the bypass switch. Upon entering expression mode, the LED turns red, while accessing 

alternative parameters changes its color to purple, indicating the activation of this feature. 

Additionally, the LED flashes purple for 200 ms to signify the transition between effects. 

Purple is achieved by alternating between red and blue every ten milliseconds. 

 

 

Figure 45: LED Sub-Patch. 
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6.7 Driving the OLED 

6.7.1 OSC Bridge 

 

The OLED screen is connected to the I2C2 pins of the Bela board. Directly accessing these 

pins from Pure Data is not possible, but a convenient solution is available using an OSC to 

OLED (O2O) bridge for Linux. This framework utilizes the u8g2 Arduino library and Bela’s 

OscReceiver and UdpServer classes, facilitating the transmission of OSC messages to drive the 

OLED screen connected to the I2C2 pins. [95]  

6.7.2 OSC in Pd 

 

OSC, short for Open Sound Control, is a communication protocol for transmitting information 

between computers, synthesizers, and various multimedia devices. Each OSC message consists 

of a title followed by a corresponding value or string. Pure Data is capable of formatting and 

transmitting OSC messages across a network. This process involves using the [oscformat] 

object to construct packets byte by byte, enabling their transmission over the network in UDP 

binary mode. To send these messages to a remote host, the [netsend] object is used, which is 

configured with the destination’s IP address or name and the associated port number utilized 

by the receiving host. [96]  

6.7.3 Drawing to the Screen 

 

The main.cpp file in the O2O bridge serves as an OSC receiver, specifically designed to listen 

and receive OSC messages with this pre-established format. These OSC messages are crucial 

in controlling the content displayed on the OLED screen. Whenever the receiver receives a 

message that conforms to the expected format, it utilizes the u8g2 library to render the 

corresponding content onto the screen. The actual content to be displayed is configured within 

the main.cpp code of the O2O bridge. However, the specific values required for rendering the 

content are supplied by Pd via OSC. [97]  
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Figure 46: OLED Sub-Patch Section. 

 

6.7.4 Running O2O as a Service 

 

To ensure parallel functioning of the O2O bridge with the Delay_Chain project, it must be 

configured to function as a background service, actively monitoring OSC messages transmitted 

from the main project. This process involves creating a “system” service file within the 

/lib/systemd/system/ directory and specifying certain variables that “system” uses to establish 

the execution parameters for a program within the service. Running a program as a service on 

Bela proves advantageous when concurrent processes need to run alongside the main Bela 

program. However, it's important to note that any program executed this way cannot access 

Bela's audio, analog, and digital I/Os while another program is running. [98] 
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6.8 Graphical User Interface 

6.8.1 The Bela GUI 

 

To facilitate remote parameter adjustment, a graphical user interface (GUI) has been developed 

to display and control parameters via a smartphone or tablet. Bela offers an integrated GUI 

creation feature within its IDE, allowing users to design graphical interfaces to interact with 

their Bela system. The GUI integration uses p5.js, a JavaScript library that facilitates the 

creation of dynamic and powerful audiovisuals in web browsers. The GUI functionality 

facilitates bidirectional data transfer, allowing data to flow between the Bela project and the 

graphical interface. To implement the graphical user interface using p5.js, a file called 

"sketch.js" is added to the core project files. This code is responsible for creating the actual 

content that will be displayed on the GUI. [99] 

6.8.2 Data Transfer 

 

To establish communication between Pure Data and the GUI, the data transmission involves 

grouping values using the [pack] object in Pd, which is then sent to the GUI using [s 

bela_guiOut]. The sketch.js file receives these grouped values through Bela.data.buffers[0]. 

Conversely, for sending data from the GUI to Pd, the buffer containing all values in sketch.js 

is transmitted to Pd using Bela.data.sendBuffer(). These values are received in Pd using [r 

bela_guiControl] and distributed with the [unpack] object. [100] 

6.8.3 GUI Examples 

 

The graphical user interface of the Delay_Chain project is built upon two GUI examples 

available in the example section of Bela's IDE. 

 

The first example code demonstrates how to send values from PD to the interface and visualize 

them as rings (see Figure 47). This project includes four oscillators grouped using the [pack] 

object in the PD patch and sent to the GUI with [s bela_guiOut]. In the sketch.js file, the values 

are received using Bela.data.buffers[0] and used to render the thickness of each of the four 

rings in the interface. 



52 
 

 

 

Figure 47: Pd to GUI Example. [101] 

 

The second example code illustrates the process of mapping and transmitting the mouse's 

position on the screen to Pd. To achieve this, the sketch.js code captures the X and Y 

coordinates of the mouse and sends them to Pd using the command Bela.data.sendBuffer(0, 

'float', [mouseX, mouseY]). These values are received in Pd using the object [r 

bela_guiControl] and can be utilized to control various parameters within the system. 

 

 

 

Figure 48: GUI to Pd Example. [102] 

6.8.4 Creating the GUI 

 

The visuals of the first example code were customized to match the layout of the physical 

interface by repositioning the rings accordingly. Additionally, the title of each effect and the 

name for each parameter were included, along with a textbox at the center of the rings to display 

their values. To distinguish between the three sets of effects in the Delay_Chain, an if statement 
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was implemented to modify the color of the rings, text, and numbers based on the data received 

from Pd. Finally, to ensure the correct display of float numbers on the p5.js visualization, all 

values were converted to integers and multiplied appropriately. 

 

 

Figure 49: GUI Visual Layout. 

 

6.8.5 Adding Touch Functionality 

 

The utilization of the second example facilitated the incorporation of the touchscreen 

functionality into the GUI. To ensure compatibility with touchscreen devices such as 

smartphones or tablets, the mouse function was replaced with the touch function in the sketch.js 

code. This modification guarantees proper operation without the necessity of a cursor. Apart 

from reading and transferring the touch position and size of the screen, all other processes are 

managed in Pd. First, the display is partitioned into sections corresponding to the locations of 

visual knobs and buttons on the screen. Then, a selection mechanism is implemented, which 

determines the part of the display that is touched, directing the Y value from the touch function 

to adjust the corresponding encoder or activate the relevant button. 
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Figure 50: GUI Touch Functionality. 

 

6.9 Network Setup 

 

To access the GUI of Bela from any remote device, a network connection must be established 

with the board. Although Bela does not offer built-in network connectivity, it supports most 

Linux-compatible Wi-Fi Dongles that can be connected to its USB host. This method enables 

two configuration options: Bela can either be set up to connect to an existing network 

automatically or function as a wireless access point itself. [103]  

6.9.1 Method 1 

 

Configuring Bela to connect to a specific network is done by adding the network's name and 

password into the wpa_supplicant.conf file. The connection is accomplished by running the 

following command line in the IDE's terminal: root@bela:~# wpa_passphrase [Name] 

[Password] >>/etc/wpa_supplicant/wpa_supplicant.conf, where [Name] is replaced with the 

actual name of the Wi-Fi network and [Password] with its respective password. Once complete, 

the board will automatically search for the designated network and establish a connection 

whenever it is within range. For setting up a network connection with a smartphone or tablet, 

a hotspot connection can be created. This enables accessing the IDE and its integrated 

functions, including the GUI, without requiring an active internet connection. 
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6.9.2 Method 2 

 

Setting up Bela as a wireless access point involves altering the network configuration to 

advertise its own network rather than attempting to connect to an existing one. This requires 

creating a hostapd.conf file containing the name of the network interface in use as well as the 

SSID and passphrase of the network. Furthermore, it is necessary to ensure that the interface 

acts as a DHCP server, assigning suitable IP addresses to connected devices. Converting the 

board into a network access point is more convenient than connecting to existing networks, as 

it avoids the need to provide network credentials for individual devices. However, this method 

requires more advanced dongle models capable of functioning as access points and may lead 

to incompatibility with certain operating systems, which might prevent a successful network 

connection. 

6.9.3 Application 

 

Once a network connection is successfully established with the Bela board, access the IDE 

using any web browser. This grants access to a range of functionalities and actions, including 

settings, GUI, and the oscilloscope, all accessible through a remote connection. Furthermore, 

the IDE can be easily added to the home screen, effectively transforming it into a mobile 

application. This convenient feature enhances accessibility and enables a greater level of 

control. 

 

Figure 51: Bela IDE on Mobile Device. 
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7. Effect Chain 

7.1 The Hammond Vibrato Scanner Unit 

 

The first effect in the chain is an emulation of Hammond's Vibrato Scanner unit, capable of 

producing different modulation effects. The original unit encompasses two main components: 

a delay line and a scanner. The delay line consists of a series of second-order audio filter stages 

where each stage is shifted in phase relative to the previous one. This results in an increasing 

delay between every successive step of the line (about 50μs per filter stage). The taps of the 

line are fed into the scanner, which is a single-pole 16-throw air-dielectric capacitor switch 

connecting nine selected taps from the line to the output. [104]   

 

As the scanner gradually transitions between these taps, it alternates the phase shift applied to 

the sound, causing slight variations to the pitch that result in a vibrato effect. The depth of the 

vibrato depends on the width of the frequency shift fed into the scanner, which means that 

scanning about one-third of the delay line would produce a lighter vibrato effect while scanning 

the whole line would significantly increase its depth. [105] In addition to the vibrato, a chorus 

effect can be achieved by mixing the dry input signal with multiple outputs on the delay line. 

A notable limitation of this original design is the fixed gear ratio tied to the generator-run 

motor, which spins the rotor continuously at about 7Hz. [106] 

 

 

 

Figure 52: Hammond Vibrato Scanner Schematic. [107] 
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7.2 Modelling in Pd 

7.2.1 Considerations 

 

Hammond's Vibrato Scanner is a unique effect that cannot be reproduced with simple LFOs. 

[108] To model the unit in Pure Data, a physical modeling approach was adopted, commencing 

with the challenge of emulating the delay line. Various externals for all-pass and comb filters 

could have been suitable for this purpose. However, the constraint of Bela supporting only 

Vanilla objects necessitated working within a limited object library. 

7.2.2 Delay Line 

 

The primary approach to replicate the delay line was to utilize the [delwrite~] object, capable 

of allocating memory to a buffer and recording an audio signal into it. This is subsequently 

read by the [delread~] object with the same identifier, allowing for a variable delay time that 

can be defined in milliseconds. By employing multiple [delread~] objects for the same buffer, 

several delay taps were set up, each delayed with a couple of microseconds relative to the 

preceding one. Combining these delayed signals with the original one results in periodic 

amplifications and cancellations, effectively producing a comb filter.  

7.2.3 Scanner 

 

The subsequent step involved developing a mechanism akin to the scanner, enabling the 

sampling of these delay taps. This was achieved by creating a simple counter that incremented 

by a specified velocity and reset upon reaching the designated maximum value. The counter's 

value was then utilized in a select object to trigger an output when it matched a particular 

argument. This resulted in the creation of a sequencer, which essentially emulated the scanner's 

behavior. 

7.2.4 Pairing 

 

To connect the delay line to the sequencer, [vline~] objects were placed at the output of each 

tap. The [vline~] object generates linear ramps with controllable levels and timing through sent 

messages. By employing ramp-up and ramp-down messages for each [vline~] object, the 

volume of the delay taps could be toggled on and off in a specific order. This allowed each 
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successive sequencer trigger to increase the volume of its assigned tap while reducing the 

volume of the previous one, ensuring smooth transitions between taps through rate-relative 

ramp durations. 

 

 

Figure 53: Delay Line Tap Abstraction. 

7.2.5 Result 

 

Unlike the original design, which had fixed rates, depth, and mix settings, this emulator offers 

greater versatility by allowing users to adjust all parameters. It enables crossfading between 

the wet and dry signals, offering various mix settings and producing diverse chorus, vibrato, 

and chorus-vibrato effects. The time delay between the taps can be finely tuned, ranging from 

0 to 300 microseconds, which alters the depth of the applied phase shift on the sound. 

Additionally, users can modify the sequencer's rate, achieving a speed anywhere between 1 to 

125 Hz. This flexibility results in phaser-like effects at lower rates and ring shift modulation at 

higher rates. 

 

Figure 54: Hammond’s Scanner Vibrato Simulator in Pure Data. 
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7.3 Tape Delay 

 

The second effect in the signal chain is a tape delay simulator featuring variable-speed tape and 

saturation. This patch was originally created by Robert Thomas to run on Salt, a Eurorack 

module based on Bela. [109] The code is available as an example for the Bela platform and has 

been adapted to run on Bela Mini in combination with the extension cape. 

 

This tape delay implementation aims to recreate the essential physical characteristics of a tape 

machine that contribute to its distinctive sound quality. Besides offering flexible delay times 

up to 5000 ms, it allows users to adjust the ramp time of the motor that is driving the tape. 

Additionally, along with a standard feedback parameter setting, a roll-off option is available to 

control the cut-off frequency of the delayed signal, giving further control over the delayed 

sound. Furthermore, to achieve the authentic sound quality of the physical tape, the patch 

incorporates a saturation algorithm. This algorithm utilizes a Pade approximation of the tanh 

function, which is applied to the delayed signal, replicating the warm and saturated tones 

characteristic of the original tape-based delays. 

 

 

Figure 55: Tape Delay Simulator in Pure Data. 
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7.4 Freeverb 

 

The third element of the chain is a Schroeder reverberator implementation using the Freeverb 

algorithm. This design draws inspiration from Manfred Schroeder's original artificial 

reverberation concept from the early 1960s, which involved interconnected all-pass filters, a 

bank of feedback comb filters in parallel, and a mixing matrix. A recent iteration of this 

reverberator is known as the Freeverb algorithm, which is open-source software developed in 

the C++ programming language. This implementation utilizes four consecutive all-pass filters 

and eight parallel filtered-feedback comb filters. It is highly regarded for its exceptional ability 

to generate high-quality reverberation effects while requiring little computational power. [110]  

 

While Freverb is available as an external object for Pd, it wasn't possible to implement it on 

the Bela platform due to its limitations. Nevertheless, there is an alternative called [vfreeverb~] 

designed by Katja Vetter, which is a direct conversion of the Freeverb external using only 

Vanilla objects. [111] This application features adjustable room size by adjusting the amount 

of the dry signal sent to the filters. Additionally, a damping parameter is available that is 

achieved by applying a low pass filter between 22000 and 800 Hz to the output of the comb 

filters. Subsequently, just as in the case of the tape delay, a crossfade can be added to adjust 

the mix between the dry and wet signal.  

 

Figure 56: Freeverb Implementation in Pure Data. 
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8. Performance 

8.1 Real-time Computing 

 

Bela is a hard real-time system designed to guarantee a response within a specified time frame, 

meaning it must meet stringent deadlines to function properly. However, while Bela is powerful 

enough to meet most time constraints, more computationally intensive tasks like applying 

complex audio effects may require code optimization to achieve the desired performance. All 

I/O in Bela, including audio, analog, and digital, is synchronized to the same master clock, 

resulting in strong alignment with no latency or jitter. Due to this synchronization, handling 

I/O in Bela follows unique programming conventions compared to other platforms. [112] 

 

 

Figure 57: Beal I/O Processing Diagram. [113] 

 

8.1.1 Block-based Audio Processing 

 

The framework utilizes block-based audio processing to handle audio tasks efficiently. This 

approach is necessary as it must handle multiple processes simultaneously, making it 

challenging to ensure that the audio code runs precisely and produces each audio sample in 

time. To address this, the hardware groups audio samples into blocks, which are then passed to 

the audio callback function called "render." As the audio hardware plays back one block of 

samples, the processor simultaneously calculates the next one to ensure it is ready in time. This 

arrangement reduces the frequency of calls to the audio code, allowing the system to tolerate 

more timing uncertainty. The larger the block size, the more variation in timing the processor 

can handle. [114] 
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8.1.2 Latency 

 

Processing audio in blocks introduces a trade-off in the form of latency. The larger the block 

size, the greater the latency, defined as the delay between an action and its reaction, which is a 

fundamental property of most DSP systems. Several sources contribute to latency in a digital 

system, including the audio converters themselves, which can add up to 500 microseconds 

each. Yet, the primary source of latency originates from buffering within the operating system. 

This buffering latency directly correlates with the audio block size, which in the case of Bela 

can range from 2 to 4096 samples, resulting in a possible latency between 1 and 190 

milliseconds. [115] 

 

Latency profoundly impacts the perceived quality of audio and interactive systems. Excessive 

latency can lead to audible delays between input and output, reducing the system's 

responsiveness. However, if the buffer size is too small, the processor may need more time to 

process the data, resulting in buffer underruns that manifest as gaps or clicks in the audio 

output. Striking the right balance between block size and latency is crucial for optimizing audio 

system performance and user experience. [116]  

 

8.2 Latency Measurement 

 

According to David Wessel and Matthew Wright, digital instruments should ideally have a 

latency of no more than 10ms. [117] To determine whether the latency specification of the 

device meets this criterion, a measurement has been carried out. 

8.2.1 Setup 

 

A second Bela Mini board was utilized to conduct the evaluation, running a latency 

measurement example code written in the C++ programming language. This code generates a 

regular pulse with a sudden onset and measures the time it takes for the pulse to return, 

providing an estimation of the latency introduced by any external audio device. [118]  

 

The measurement device's output was connected to the input of the device under test, while its 

input received the output of the tested hardware. The code considers and subtracts the latency 
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introduced by the measurement hardware, focusing solely on the latency caused by the device 

under test. The measurement results are displayed in both milliseconds and samples on the IDE 

console. 

8.2.2 Results 

 

Test 1: When running the complete Delay_Chain example project, a block size of 128 samples 

is necessary to prevent buffer underruns, ensuring a smooth audio output without gaps or clicks. 

At this block size, the measured latency is 338 samples, equivalent to 7.66 milliseconds at a 

sample rate of 44.1kHz. This result comfortably falls below the desired latency threshold of 10 

milliseconds, ensuring adequate audio quality and responsiveness. 

 

 

Figure 58: Latency Measurement Test 1. 

 

Test 2: Removing the GUI functionality from the project could further reduce the latency. By 

discarding both the sketch.js code and [gui] sub-patch, the project can run with a block size of 

64 samples without encountering underruns. With this configuration, the measured latency 

drops to 4.76 milliseconds (210 samples), less than half of the maximum acceptable latency 

established by Wessel and Wright. 

 

 

Figure 59: Latency Measurement Test 2. 
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Test 3: Additionally, it is possible to run the project with an even smaller block size of 32 

samples, achieving a latency of 3.31 milliseconds (146 samples). However, this setup results 

in occasional block drops, particularly during parameter adjustments. Attempting to remove 

further components, like the OLED functionality, did not entirely resolve the underrun issue. 

Running the project with a block size of 32 samples would either necessitate significant 

software restructuring or 64 samples might be the practical minimum for operating a project of 

this complexity on Bela. 

 

 

Figure 60: Latency Measurement Test 3. 

 

8.3 Cross-platform Testing 

 

Given that the device is based on an open platform, assessing its ability to run effects designed 

for other comparable platforms was essential. To achieve this, patches designed for the OWL, 

Organelle, Daisy, and a Raspberry Pi custom unit were incorporated into the device, creating a 

signal chain of cross-platform audio effects. This multi-effect setup consists exclusively of Pure 

Data patches, as the existing software framework is developed in this programming language. 

This way, only the audio code had to be replaced in the main patch of the Delay_Chain project, 

as this already encompassed all framework functionalities. 

8.3.1 Daisy 

 

The first element in the cross-platform chain is a bi-quad (second order) lowpass filter with 

adjustable cut-off frequency and resonance settings. This effect is a sample patch for the Daisy 

Pod, a breakout board designed for the Daisy Seed. [119] The Daisy Pod offers various audio 

input/output options, such as 3.5mm stereo jacks for line-level audio, a headphone output, and 
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TRS MIDI input. Additionally, it provides two tactile switches, two RGB LEDs, two analog 

potentiometers, and a rotary encoder. [120] 

 

Since the effect is built entirely using Pd Vanilla objects, incorporating it on Bela didn't 

necessitate any modifications to the audio code. Only adjustments to the software framework 

for managing the physical interface were needed. The integration was achieved by creating a 

sub-patch called [daisy], containing only the necessary audio code, and placing it in the position 

of the Scanner Vibrato effect within the main patch of the Delay_Chain project. Subsequently, 

new rotary encoder ranges were set up to cater to the specific requirements of this effect. 

Additionally, the names of the effects and their parameters had to be updated in the OLED and 

GUI code. 

 

As a result, the Daisy effect became seamlessly integrated and interconnected with all the 

functionalities provided by the extension cape. For instance, the expression pedal input could 

be assigned to control the cut-off frequency of the lowpass filter, effectively transforming it 

into a wah-wah pedal. 

 

Figure 61: Daisy - Lowpass Filter Patch Integration. 
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8.3.2 OWL 

 

The second effect in the signal chain is a tremolo designed in the tube amp style specifically 

for the OWL. It is available in the official Patch Library on the producer's website. [121] The 

OWL pedal has four analog potentiometers, one footswitch, one LED, stereo audio I/O, and an 

expression pedal input, [122] which means all effects designed for this platform usually only 

have four parameters. For the selected tremolo effect, the rate, resonance, filter depth, and 

tremolo depth can be adjusted, while the expression pedal is exclusively assigned to control the 

rate. Additionally, the code incorporates a tap tempo functionality to set the effect's rate, which 

is assigned to the footswitch of the pedal. 

 

Since this patch also utilizes Pd Vanilla objects, the integration process followed the same steps 

as with the Daisy patch. Initially, the [owl] sub-patch was set up, containing all the necessary 

code for the effect, which was then replaced with the Tape Delay patch in the Delay_Chain 

project to take the second position in the cross-platform signal chain. Rotary encoder 

abstractions were established for each tremolo parameter, and the OLED and GUI codes were 

updated to display the corresponding information. Additionally, the tap tempo functionality 

was assigned to the [bang] footswitch on the extension cape to set the rate of the tremolo effect. 

 

By following these steps, the OWL effect could also be seamlessly integrated and 

interconnected with all the functionalities provided by the extension cape. In contrast to the 

OWL, with the effect cape, the expression pedal can be assigned to all parameters and not only 

the rate. 

 

Figure 62: OWL - Tremolo Patch Integration. 
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8.3.3 Organelle 

 

The third effect in the chain is the LFO Delay, which is available in the official patch directory 

of the Organelle on the Critter & Guitari website. [123] The Organelle has arguably the most 

complex physical interface among all the chosen platforms. This includes an OLED display 

screen, an RGB LED, four parameter knobs, a rotary selection knob with a push-button select, 

a volume knob, and twenty-five maple keys. [124] In the case of the LFO Delay, the first two 

parameter knobs are responsible for controlling the LFO Rates of both Delay A and B, the third 

knob sets a common delay time, and the fourth knob adjusts the Dry/Wet Mix. Additionally, it 

is worth noting that a sequencer is also available in the patch, but it requires using the maple 

keys, so it wasn't implemented for this particular purpose. 

 

Integrating a sound effect designed for the Organelle demands more time and consideration 

than the previous two platforms due to the complexity and distinctness of its software 

framework. The Organelle platform employs a "Mother Patch" that serves as a bridge between 

the hardware and Pd, handling all functionalities and I/O routing. Consequently, all patches 

designed for this platform include numerous individualized objects that cater to various 

hardware functionalities. Additionally, many Organelle patches incorporate extended Pd 

objects, which can cause compatibility issues with the Bela platform. 

 

Fortunately, the LFO Delay patch consists solely of Pd Vanilla objects, making it compatible 

without any problems related to extended objects. The main challenge during implementation 

was finding and extracting the necessary code for the audio effect, as the project comprises 

several sub-patches containing both the audio code and code for addressing hardware 

functionalities. Additionally, certain elements, such as the sequencer, had to be removed since 

they couldn't be used due to the lack of buttons on the extension cape. After extracting the 

essential code snippets and setting up the essential encoder abstraction, it became possible to 

create the [organelle] sub-patch and integrate it as the third effect in the chain.  
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Figure 63: Organelle - LFO Delay Patch Integration. 

 

8.3.4 Raspberry Pi 

 

The fourth effect added to the cross-platform chain is a looper created by Pierre Massat, 

available through his blog "Guitar Extended." [125] This patch is designed to run on a 

Raspberry Pi, interfacing with a standard Arduino Uno, which connects 12 momentary push 

buttons and four analog potentiometers. [126] It presents functionalities such as 

starting/stopping recording, setting the length of the array buffer, clearing the buffer, and an 

on/off bypass switch. Additionally, it offers features like loop reversing and exporting the loop 

as a WAV file. 

 

Although this patch is not fully compatible with Pd Vanilla, as it incorporates the [z~] and 

[limiter~] extended objects from the Zexy extended library, workarounds have been introduced 

for the Bela platform. Instead of compiling these extended objects for Bela, suitable Vanilla 

replacements are used, enabling the proper functioning of the looper patch on the Bela platform. 

 

Setting up this patch requires additional software frameworks to achieve full functionality with 

the extension cape. Firstly, more complex footswitch functionalities are needed to serve as 
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record, playback, overdub, stop, play, and clear functions. For this purpose, the [bang] 

footswitch is assigned to start recording/overdubbing on the first impulse and start playback on 

the second impulse. The [bypass] footswitch is configured to stop and play the loop on each 

signal, and a double tap clears the buffer. Additional LED actions are set up to signal record 

mode, playback mode, and the loop restart. Furthermore, the top left encoder is set up to control 

the overall output volume of the looper's signal, and the push button of the same encoder is set 

to export the content of the buffer in WAV format. All exported loops are accessible and can 

be downloaded from the respective project folder in the Bela IDE. Apart from the audio reverse 

functionality, which overloads the CPU of the Bela board, the entire patch is able to run on the 

platform. 

 

 

Figure 64: Raspberry Pi Custom Unit - Looper Patch Integration. 
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8.3.5 Results 

 

Pure Data patches from all four platforms were successfully integrated and executed. Patches 

intended for the OWL and Daisy platforms were relatively straightforward to implement, 

benefiting from their low CPU load as microcontroller platforms, as well as their exclusive use 

of Vanilla objects. On the other hand, patches from both the Organelle and the Raspberry Pi 

custom unit are also functional, but they necessitate more setup time and adjustments. Some 

components had to be excluded due to either the limited processing capabilities of the Bela 

board or design differences in the physical interface. 

 

 

 

Figure 65: Cross-Platform Effect-Chain. 
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9. Online Study Survey 

 

To further assess the outcome of the project, an online study survey was carried out. 

Participants were presented with a demo video [127] and asked to evaluate the device’s 

practical and artistic applications while also assessing the significance of customization and 

open design in audio hardware production.  

9.1 Result 

 

The results of the survey are categorized into three sections. The first section examines the 

importance of customization and reconfigurability of effect pedals, the second assesses the 

device’s practical and artistic applications, while the third delves into the importance of open 

design in audio hardware production, 

9.1.1 Section 1 

 

Question 1 (see Figure 66) 

Among the 19 participants, 12 individuals indicated that they are either familiar or very familiar 

with guitar effect pedals and their usage. Meanwhile, 3 participants classify themselves as 

intermediate, and 4 participants state that they are either not familiar or not at all familiar with 

the subject.  

 

Figure 66: Survey Question 1. 
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Question 2 (see Figure 67) 

Only three out of the nineteen participants have prior experience with reconfigurable effect 

pedals. 

 

 

Figure 67: Survey Question 2. 

 

 

Question 3 (see Figure 68) 

Sixteen out of the nineteen individuals are acquainted with the Pure Data programming 

environment. 

 

 

Figure 68: Survey Question 3. 
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Question 4 (see Figure 69) 

Out of the sixteen participants indicating familiarity with Pure Data, twelve assess themselves 

as intermediate or advanced users, two consider themselves to be relative beginners, and an 

additional two regard themselves as experts. 

 

 

Figure 69: Survey Question 4. 

 

 

Question 5 (see Figure 70) 

Ten out of the nineteen respondents deem the ease of programming and customization, in 

effect, pedals to be significant or highly significant. Eight participants attribute moderate 

importance to it, and only one person regards it as of minor significance. 

 

 

Figure 70: Survey Question 5. 
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Question 6 (see Figure 71) 

Seventeen out of the nineteen respondents view the capability to craft effects that align with 

their individual musical style as either important or highly important. Conversely, only two 

assign it a moderate or minor level of significance. 

 

Figure 71: Survey Question 6. 

 

Question 7 (see Figure 72) 

Thirteen out of the nineteen respondents are inclined or very inclined to contemplate using a 

reconfigurable effect pedal as a substitute for audio effects that are rare or outdated. Meanwhile, 

five have uncertainties, and one respondent is less likely to do so. 

 

 

 

Figure 72: Survey Question 7. 
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Question 8 (see Figure 73) 

Eight participants consider having encountered situations where they felt constrained by the 

pre-defined effects offered in commercial guitar pedals while striving to realize a particular 

artistic concept. On the other hand, eight participants had never undergone such restrictions, 

while three couldn't recollect whether they had or not. 

 

 

Figure 73: Survey Question 8. 

 

 

 

Optional Explanation (see Figure 74) 

Participants who have encountered limitations with predefined effects attribute it to the 

restricted parameter choices and ranges established by producers to align with their notion of 

what is considered pleasing or musical. This limitation, in turn, restricts users from pushing the 

effects to their limits and conducting more extensive experimentation. One respondent 

acknowledges that pre-defined effects can be advantageous for efficient practice but 

emphasizes that the capability to adjust parameters is indispensable when it comes to recording. 
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 If yes, please explain. (optional) 

 

Figure 74: Optional Explanation. 

 

Question 9 (see Figure 75) 

Ten out of the nineteen participants would likely or very likely embrace an effects pedal that 

provides a significant degree of customization, even if it demands a certain amount of learning 

and setup. Meanwhile, seven participants expressed reservations, and two were not open to the 

idea of adopting such a pedal. 

 

 

Figure 75: Survey Question 9. 
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Question 10 (see Figure 76) 

Every participant shares the belief that reconfigurable effect pedals have the potential to ignite 

innovative, creative approaches to guitar playing and composition. 

Figure 76: Survey Question 10. 

 

9.1.2 Section 2 

 

Question 11 (see Figure 77) 

Sixteen participants consider having a user-friendly interface and intuitive controls on effect 

pedals to be important or highly important. In contrast, two respondents assign it a moderate 

level of importance, while one participant views it as less significant. 

 

Figure 77: Survey Question 11. 
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Question 12 (see Figure 78) 

Seven participants assess the device's interface for its user-friendliness as average, nine 

consider it easy, and three perceive it as very easy to use. 

 

Figure 78: Survey Question 12. 

 

 

Question 13 (see Figure 79) 

Seven participants evaluated the degree of uniqueness of the effects featured on the device as 

unique, with an additional two deeming them very unique. In contrast, seven participants rate 

the effects as average, while three participants don’t consider them unique. 

 

 

Figure 79: Survey Question 13. 
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Question 14 (see Figure 80) 

Fifteen out of the nineteen participants identified the Scanner Vibrato simulator as the most 

standout among the three effects, while four participants regarded the Tape Delay simulator as 

the most distinctive. None of the respondents perceive the Freeverb implementation as a 

uniquely distinct audio effect. 

 

Figure 80: Survey Question 14. 

 

Question 15 (see Figure 81) 

Eighteen participants rate the quality and fidelity of the effects generated by the pedal as either 

high or very high, whereas only one respondent regards it as acceptable. 

 

Figure 81: Survey Question 15. 
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Question 16 (see Figure 82) 

Regarding artistic expression, fourteen participants believe that the effects produced by the 

pedal effectively enhance the guitar's sound and contribute positively to musical 

performance. Meanwhile, four participants find the enhancement to be very effective, and 

one participant rates it as average. 

 

Figure 82: Survey Question 16. 

 

Question 17 (see Figure 83) 

Fifteen out of the nineteen participants expressed an intention to integrate this effect pedal into 

their setup. Four participants are uncertain about this decision, but none of the participants 

would entirely dismiss the possibility. 

Figure 83: Survey Question 17. 
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Question 18 (see Figure 84) 

Sixteen out of the nineteen participants exhibited an interest in creating and utilizing their own 

custom effects on the unit, with three participants being undecided and no participant ruling 

out the possibility. 

 

Figure 84: Survey Question 18. 

9.1.3 Section 3 

 

Question 19 (see Figure 85) 

Thirteen out of the nineteen participants are acquainted with or highly knowledgeable about 

the concept of open-source hardware and software, while six have either moderate or limited 

understanding of the subject. 

 

Figure 85: Survey Question 19. 
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Question 20 (see Figure 86) 

Twelve out of the nineteen participants have already utilized open-source software or hardware 

in their music production or performance setup, whereas seven respondents have not yet 

engaged with this type of technology. 

Figure 86: Survey Question 20. 

 

 

Question 21 (see Figure 87) 

Eighteen out of the nineteen respondents regard access to comprehensive documentation and 

support as important or very important when utilizing an open-source guitar effect pedal, with 

only one respondent assigning it a moderate level of importance. 

 

Figure 87: Survey Question 21. 
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Question 22 (see Figure 88) 

Ten out of the nineteen participants view the capability to collaborate and share patches with 

others as important or highly important. Meanwhile, eight participants consider it to have a 

moderate level of importance, and one participant regards it as less significant. 

 

Figure 88: Survey Question 22. 

 

Question 23 (see Figure 89) 

Eighteen out of the nineteen participants regard access to a supportive community or resources 

as important or very important when utilizing an open-source guitar effect pedal, with only one 

respondent assigning it a moderate level of importance. 

 

 

Figure 89: Survey Question 23. 
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Question 24 (see Figure 90) 

Eight out of the nineteen respondents consider contributing to the continued advancement of 

open-source guitar effects. Another eight participants hold a moderate level of motivation for 

such contributions, while three participants are either unlikely or not at all likely to contribute. 

 

Figure 90: Survey Question 24. 

 

Question 25 (see Figure 91) 

Fifteen out of the nineteen participants hold the viewpoint that the open nature of guitar effect 

pedals promotes innovation and nurtures a sense of collaboration within the music community. 

Four of the respondents expressed uncertainty on this matter, while none disagreed with the 

notion. 

 

Figure 91: Survey Question 25. 
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Question 26 (see Figure 92) 

Fifteen out of the nineteen participants would place their trust in investing in a guitar effect 

pedal that relies on open-source technologies. Four participants are uncertain about this 

decision, but none rules out the possibility. 

 

Figure 92: Survey Question 26. 

 

Question 27 (see Figure 93) 

Five out of the nineteen participants have concerns or reservations regarding the reliability or 

stability of open-platform effect pedals when compared to traditional ones. In contrast, fourteen 

participants were either uncertain or had no reservations about this issue. 

 

Figure 93: Survey Question 27. 
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9.2 Discussion 

 

The survey findings reveal that many participants have advanced levels of familiarity with 

guitar effect pedals, but only a small number have experience with reconfigurable effect pedals. 

Despite this lack of experience, many emphasized the importance of customization, easy 

programming, and personalization in effect pedals, reflecting a desire for hands-on sound 

crafting and aligning effects with their musical style. A notable outcome showed a unanimous 

belief among participants, stating that reconfigurable effect pedals could inspire novel and 

inventive approaches to guitar playing and composition. 

 

Furthermore, the survey outcome highlights a generally positive reception of the device's 

practical and artistic applications, with a significant number of respondents expressing an 

intention to integrate the effect pedal into their setup. While the effects present on the device 

are not perceived as outstanding or unique, the Scanner Vibrato simulator emerges as a standout 

among participants, with a significant majority identifying it as the most distinctive effect. Most 

participants found the device's interface easy to use, but a few considered it average in terms 

of user-friendliness. This mixed response could indicate potential areas for improvement in 

terms of usability. However, the quality and fidelity of the effects generated by the pedal were 

rated as high, which is a promising indicator of the device's technical performance. 

 

The survey also revealed a favorable perception of the open nature of guitar effect pedals, 

fostering innovation and collaboration within the music community. Most participants 

recognized the potential of open-platform technology to inspire new approaches to music 

creation and desired customization and personalization. Respondents showed a strong 

inclination towards customization, collaboration, and community engagement, suggesting a 

growing recognition and impact of open-source solutions in the realm of music production and 

performance. This shared optimism points towards a collective recognition of the 

transformative potential of open-platform technology in shaping the future of music creation. 
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10. Conclusion 

 

This thesis demonstrates the potential of utilizing embedded computer technologies to replicate 

rare or outdated audio effects through the development of an open-platform guitar effects pedal 

using Bela's embedded computing framework. The report thoroughly documents the device's 

construction, design, and development process of the hardware, as well as the establishment of 

a comprehensive software framework using Pure Data that enables guitarists to create and 

apply distinct audio effects on dedicated audio hardware. This framework not only allows for 

creating multi-effect setups but also pays tribute to historical audio effects like Hammond's 

Scanner Vibrato unit.  

 

Crucial factors such as latency, hardware design, and software adaptability have been 

addressed, ensuring that the proposed pedal meets performance and compatibility expectations. 

The latency test results indicate that the pedal not only meets but exceeds the latency standards 

required for exceptional audio quality and responsiveness. Additionally, cross-platform test 

results indicate that the platform is capable of integrating and running audio effect patches 

designed for similar platforms, allowing for the blending of patches from various sources, 

further validating its success. 

 

An online survey conducted as part of the study illustrates the positive reception of the device's 

practical and artistic applications. Participants express a keen interest in customization, easy 

programming, and personalization, emphasizing the potential for innovative sound crafting and 

musical expression. Additionally, the survey underscores the significance of open design in 

fostering collaboration and innovation within the music community. 
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