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Abstract: Neurodegenerative diseases present significant challenges in terms of mobility and auton-
omy for patients. In the current context of technological advances, brain—-computer interfaces (BCIs)
emerge as a promising tool to improve the quality of life of these patients. Therefore, in this study, we
explore the feasibility of using low-cost commercial EEG headsets, such as Neurosky and Brainlink,
for the control of robotic arms integrated into autonomous wheelchairs. These headbands, which offer
attention and meditation values, have been adapted to provide intuitive control based on the eight
EEG signal values read from Delta to Gamma (high and low/medium Gamma) collected from the
users’ prefrontal area, using only two non-invasive electrodes. To ensure precise and adaptive control,
we have incorporated a neural network that interprets these values in real time so that the response
of the robotic arm matches the user’s intentions. The results suggest that this combination of BClIs,
robotics, and machine learning techniques, such as neural networks, is not only technically feasible
but also has the potential to radically transform the interaction of patients with neurodegenerative
diseases with their environment.

Keywords: BCI/EEG; robot; ROS; LSTM; deep learning; machine learning; RNN; Jetson Nano; Arduino

1. Introduction

Over the past decade, the intersection of neuroscience and robotics has experienced
exponential growth, largely driven by advances in brain-computer interfaces (BCls). These
technologies, which translate brain activity into commands for external devices, have
opened new possibilities for enhancing the quality of life of individuals with severe motoric
disabilities [1,2] Unlike conventional interfaces, such as those using eye movement Elec-
troOculoGraphy (EOG) or facial muscle contractions (electromyography, EMG) [3,4]. BCls
require no connection to peripheral muscles or nerves, allowing control of devices without
verbal or physical interaction [5,6]. This is particularly relevant for patients in advanced
stages of diseases that preclude any movement, such as subcortical stroke, amyotrophic
lateral sclerosis, or cerebral palsy.

Specifically, the use of BCls in assisted mobility, like wheelchair control, represents a
rapidly developing and promising research field [7]. This study focuses on the integration
of low-cost BClISs, specifically using commercial ElectroEncefaloGraphy (EEG) headbands
with a single electrode, for controlling robotic arms on autonomous wheelchairs, an area
that has not yet been exhaustively explored [8].

Controlling assistive devices through brain signals not only offers new hope for indi-
viduals with physical limitations but also poses significant technical challenges. Accuracy,
ease of use, and adaptability are crucial aspects that must be addressed to ensure the
feasibility of these systems in real-world environments. In this context, our work focuses
on the use of commercial EEG headbands, providing a non-invasive and accessible way to
capture brain signals [1].
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Integrating these technologies with autonomous robotic systems presents a series
of unique challenges. The architecture of the system proposed in this study includes a
development board capable of hosting both artificial intelligence (AI) and running the Robot
Operating System (ROS), along with a microcontroller to control the drivers associated
with the stepper motors of a six-axis cobot and wheelchair movements. This setup allows
real-time interpretation of EEG signals and an adaptive response of the system, ensuring
that the robotic arm’s action aligns with the user’s intentions [9].

The incorporation of the Al development board is crucial for the efficient real-time
processing of EEG data. The ability of these boards to run deep learning models, such
as Convolutional Neural Networks (CNNs) and Recurrent Neural Networks (RNNs),
facilitates the accurate interpretation of brain signals [10]. These models are essential for
decoding complex patterns of brain activity and converting them into specific commands
for robotic control.

Moreover, the use of ROS as a software architecture underpins the system’s flexibil-
ity and scalability. ROS provides a robust platform for integrating various software and
hardware modules, enabling efficient communication between the development board
and other system components, such as sensors and actuators [11]. This modular architec-
ture facilitates the implementation of improvements and adaptation to different types of
BCI applications.

On the other hand, the microcontroller plays a fundamental role in controlling the
physical components of the system. Its capability to handle multiple inputs and outputs
makes it ideal for controlling the stepper motors and other mechanical elements of the
robotic arm and wheelchair. The combination of the development board with the micro-
controller and ROS creates an integrated system capable of performing complex tasks
efficiently and reliably.

This paper details the design and evaluation of a BCI system architecture that combines
EEG signals, machine learning techniques with neural networks, and robotic systems,
focused on providing solutions for individuals with neurodegenerative diseases, spinal
problems, or any other reason that may lead to a reduction in their natural motor abilities.
With this architecture, we aim not only to demonstrate the feasibility of the proposed
development but also to make a significant contribution to the emerging field of BCI-
assisted mobility, paving new paths for the research and development of more advanced
and accessible BCI mobility solutions.

The content of this article is structured by initially addressing Section 2, which focuses
on the state-of-the-art study of BCI systems to date, followed by a description of the iterative
process of defining the architecture in Section 3, in the Research Methodology section. It
continues in Section 4 with a description of the proposed architecture, breaking down the
study into functional architecture, hardware, and software. Section 5 relates to the results
of the development, compliance with identified requirements, and the economic and legal
technical feasibility of the proposal, concluding the article with Section 6 on discussion and
Section 7 with conclusions and future work that complete the content of the paper.

2. State of the Art

In recent years, as evidenced in published research, there have been significant ad-
vancements in the field of BCIs applied to wheelchair control and other assistive devices.
In 2021, a notable study by Banach et al. explored the use of Alpha wave-based EEG signals
for controlling electric wheelchairs, offering a new mode of interaction for individuals
with incurable diseases that severely limit their communication and mobility [12]. This
approach marks a critical advancement in aiding individuals “locked-in” their bodies due
to severe conditions.

Furthermore, Antoniou et al. (2021) introduced an innovative system using a brain—
computer interface to capture EEG signals during eye movement, classifying them into
six categories using a random forest classification algorithm [13]. This development is
significant in the interpretation of EEG signals for BCI applications [14]. On another
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note, a 2019 study, extending into 2021, demonstrated a hybrid brain—computer interface
(hBCI) combining EEG and EOG signals to control an integrated wheelchair and robotic
arm system, showing satisfactory control accuracy and highlighting the potential of BCI-
controlled systems in complex daily tasks.

In a similar vein, a 2021 study by researchers explored a facial-machine interface
system based on EEG artifacts to enhance mobility in individuals with paraplegia using
the Emotiv Neuroheadset. Results indicated that combining eye and jaw movements can
be highly efficient, suggesting a practical hybrid BCI system for wheelchair control [15].

Another significant study in 2021 focused on developing an operative motor controller
that can extract and read brain signals to convert them into usable commands to act upon
the wheels of a wheelchair [16]. Also, a semi-autonomous navigation control system for an
intelligent wheelchair was presented, based on asynchronous Steady State Visually Evoked
Potential (SSVEP), demonstrating high stability and flexibility [17].

Finally, a work by Olesen et al. (2021) investigated the possibility of a hybrid BCI
system combining EEG and EOG signals for the remote control of a vehicle, such as a
wheelchair, using machine learning techniques to design a robust and computationally
efficient system [18]. These studies represent a significant body of work in the devel-
opment of BCI technologies to enhance the quality of life for individuals with severe
physical disabilities.

Recent research in the realm of EEG-based BClIs has made significant strides, especially
in applications for controlling robotic devices like robotic arms and wheelchairs. Here is a
structured summary of key developments in this field, reflecting the current state of the art
and highlighting principal focus areas, as well as significant challenges and achievements.

Advancements and Utilization of BCI Technologies: BCI systems endeavor to establish
a conduit between the human cerebrum and external apparatuses. Prior investigations
have underscored the potential of BCIs in maneuvering both virtual entities and tangible
objects, such as wheelchairs and quadcopters. Yet, the application of non-invasive BCls in
directing robotic limbs for reach and grasp endeavors poses significant hurdles [13,19].

BClIs for Individuals with Motor Impairments: Persons afflicted with severe neuro-
muscular conditions or motor system impairments often experience a loss of voluntary
muscle control. Nonetheless, many retain the ability to generate neural signals pertinent
to motor functions akin to those of unimpaired individuals. This revelation has propelled
the exploration of BCIs as a nascent technology capable of decoding cerebral activity in
real time, thereby facilitating anthropomorphic manipulation of prosthetic or exoskeletal
assistive devices [19].

Non-Invasive BCIs in Robotic Limb Control: The aspiration to control robotic limbs
via non-invasive BCls presents a compelling alternative, albeit with constraints in achieving
adept multidimensional manipulation within a three-dimensional ambit. While previous
endeavors have predominantly focused on virtual and tangible object control, scant research
has ventured into the domain of prosthetic or robotic limb manipulation through scalp-
based EEG BCls [13].

Experimental Framework and Reach and Grasp Tasks: Addressing this lacuna, exper-
iments were meticulously designed, incorporating progressively challenging reach and
grasp tasks. A cohort of healthy participants was enlisted to navigate a robotic limb through
intricate tasks using non-invasive BCls, segmented into two phases: initial guidance of
the cursor/robotic appendage across a bi-dimensional plane toward an object positioned
in a tri-dimensional space, followed by the downward maneuver of the robotic limb to
secure the object. This sequential experimental approach effectively minimized the degrees
of freedom required for BCI interpretation, thereby simplifying the grasping mechanism
within a tri-dimensional context [13].

User Proficiency and Control Retention: Participants exhibited an exceptional apti-
tude in modulating their cerebral rhythms to govern a robotic limb using our bifurcated
non-invasive control schema. They adeptly mastered the manipulation of a robotic limb to
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seize and reposition arbitrarily located objects within a confined tri-dimensional space, con-
sistently maintaining control proficiency over multiple sessions spanning 2-3 months [20].

This summary reflects the evolution and current state of the art in the development
of BClIs for controlling robotic devices, underscoring both the achievements and the out-
standing challenges in this research area. Continuation in innovation and refinement of
these technologies is essential to overcome current limitations and expand the practical
applications of BClIs in assisting individuals with motor disabilities and enhancing human
interaction with advanced technologies. Several key challenges for future research in the
field of BClIs for controlling robotic limbs can be identified.

Improvement in Accuracy and Speed: Although significant advancements have been
made, the accuracy and response speed of BCI systems in controlling robotic limbs can still
be limited. Investigating methods to enhance the decoding speed of brain signals and the
precision of control would be a valuable area of research.

Integration of Sensory Feedback: Most current BCI systems primarily focus on translat-
ing user intentions into commands for the robotic device. Incorporating sensory feedback,
such as touch or pressure, into the BCI system could significantly improve natural interac-
tion and control efficacy.

System Adaptability and Learning: Developing BCI systems that can adapt and
learn from individual user interactions could enhance personalization and efficiency of
control. This includes adapting to changes in the user’s brain signals over time or between
sessions [13].

Reduction in User’s Mental Load: Controlling complex devices via BCls can be
mentally demanding for users. Investigating ways to reduce this mental load, possibly
through hybrid or shared control systems, is crucial for the long-term viability of BCIs in
practical applications.

Improvement in Non-Invasiveness and Comfort: Although non-invasive BCI systems
have advanced, they can still be uncomfortable or impractical for prolonged use. Inves-
tigating new sensing technologies and algorithms that improve comfort and ease of use
without compromising performance would be beneficial [20].

Applications in Rehabilitation and Assistance: Further exploring how BCI systems
can be customized and optimized for rehabilitation and assistance applications, especially
for individuals with severe motor disabilities, is an area of great potential.

Enhanced Brain—Robot Interface: Developing more intuitive and natural interfaces
between the human brain and robotic devices, possibly through improved artificial intel-
ligence and machine learning algorithms, could significantly enhance the usability and
acceptance of BCI systems [20].

Ethics and Privacy: As BCI systems become more advanced, ethical and privacy
concerns related to the access and use of brain data arise. Addressing these concerns
and developing clear ethical guidelines will be crucial for the widespread adoption of
BCI technology.

These challenges represent exciting and fundamental areas for future research, with
the potential to significantly advance the field of brain-computer interfaces and their
application in controlling robotic devices.

Considering the comprehensive review of existing work, our proposed approach is
designed to overcome the identified limitations and challenges. Leveraging advanced
algorithms and innovative hardware integration, we aim to offer a more robust, efficient,
and user-centric solution. By adopting a holistic and adaptive framework, our method
not only addresses immediate technical limitations but also paves the way for future
improvements. In this way, our approach remains at the forefront of technological advances
and offers a scalable and flexible solution that adapts to changing user needs and new
challenges in the field.
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3. Research Methodology, Iterative Process of Defining the Architecture

We will start by outlining the workflow performed, which can be seen in Figure 1, to
develop the definition of the proposed architecture and achieve the results presented.

Requirements Definition

[ 1. Research and Conceptualisation

Literature Review

Functional Requeriments
2. Design of Theoretical Architecture d

Technical Requeriments

3, Theoretical Evaluation and Validation

Functional Requeriments
4, Requeriments validation

Technical Requeriments

Detailed Documentation

—

5. Documentation and Presentation

Presentation of Results

6. Preparation for Implementation —)[Implementation Plan

Figure 1. Workflow.

The workflow commences with an extensive bibliographic review and analysis of
existing studies to understand best practices and available technologies in BCIs, robotics,
and assistive systems. Based on the research, functional and technical requirements that
need to be met are defined. This phase focuses on theory and technical possibilities.

Next, a theoretical model of how functional components interact to fulfil the func-
tional requirements are designed. Then, a theoretical hardware structure, selecting ideal
components based on theoretical and comparative analyses, is proposed. From the hard-
ware structure, a theoretical software architecture choosing frameworks, languages, and
algorithms based on their theoretical suitability is designed.

Once the architectures are proposed, the theoretical models are evaluated to verify
their feasibility. The feasibility analysis conducts a detailed analysis of the technical,
economic, and operational feasibility of the proposed architecture. Then, the validation of
the requirements defined in the design stage, both functional and technical requirements,
is conducted.
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This approach ensures a thorough and well-founded development of the architecture
before any physical implementation, minimizing risks and ensuring that the design is
suitable for the end user’s needs.

A conceptual diagram of the basic architecture can be seen in Figure 2. It is essential
to note that we are combining brain data capture technologies through EEG signals from a
specific area of the brain to ultimately control a collaborative robot or cobot positioned at a
point in space, combining 6 stepper motors in conjunction with a motorized wheelchair.

Processing and control device \

\
[~

Machine Learning
Preprocessing Robot

Signals Control

- " Arduino Megx
%

(R

Figure 2. Conceptual diagram of the basic architecture for control of a wheelchair and a cobot.

Signal acquisiton

For this development, the functional requirements of the system and the technical
requirements have been identified separately to ensure, firstly, the suitability of the archi-
tecture and, secondly, the feasibility of the system and its value proposition.

3.1. Functional Requirements

Table 1 below sets out the functional requirements identified for the development of the
research and the necessary architecture, which can be seen in the functional architectures,
hardware, and software section of this paper (Figures 3, 4 and 13).

Table 1. Functional requirements tables.

Functional Requirements Why
Capture of EEG signals Correctly interpret user intentions.
Real-time interpretation of EEG signals Immediate response of the system.
Intuitive control of the robotic arm and wheelchair Facilitate operation by users with limitations.
Safety and stability in movement Ensure user safety.

Usable by a wide range of patients. Neurodegenerative diseases.
Reduced mobility. Spinal cord injuries. Postoperative.

Precise movements in the displacement of the chair, forward,
backward, left, right, diagonal forward left, forward right.

Ability to control commercial motorized chairs without substantial
modifications.

Portability and low weight (<100 g) Improved user experience and ease of use.

Adaptability to different users
Control of the wheelchair’s movements

Integration of the system with commercial chairs




Electronics 2024, 13, 1013 7 of 54

Table 1. Cont.

Functional Requirements Why

Guarantee of reading and improvement in the usability of the system
(EEG headband)

Wireless connection to avoid cables and problems of tangling and /or
accidents. BLE connection.

Preset routines in the actions of the robot and robot + chair.  Facilitate repetitive actions, improve the usability of the system.

EEG/ECG signal quality analysis

Commercial wireless headbands

~N 9 [ Classification (DL) | ( Control ‘ USER
EEG Raw Data '
Signal —_— Move ‘ T
: Capture ) Signal values P R e Order W:Oet;?:hga(ir -
DL/ RNN model
Trainingdata ‘ Control
Instruction to axes | -

“J14500”
Energy source l

Digital / Analog

"J6+500"
e signal
Robot
iy
Control
Encoder
Stepper.h l feedback
WheelChair Direction and
ROBOT i

Security Sensors Security Sensors

Figure 3. Functional architecture.

a .
Jetson Nano Device USER

EEG Workflow

.ﬁ‘ (Zﬁ) Ux
L ROS

s EEG Workflow
Acquisition

P
4

LSTM

Feedback

5Vdc/ 4 Amp @l USB Serial port GPIO ports

lDlgltal /

Safety signal (€s)

<_|Encoder signal (§e)
NIRYO Robot
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Security Sensor (ws)
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Figure 4. Hardware architecture.
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Further information on each of the functional requirements identified in Table 1 can
be found in Appendix A.

To group functional and technical requirements into typologies, we can consider
several aspects, such as the main functionality of the system, usability, adaptability, security,
portability, and others, as you can see next. Here is a proposed grouping with at least five
typologies and at least two requirements in each:

e  Functionality and Integration: EEG signal capture; real-time interpretation of EEG
signals; system integration with commercial chairs.

e  Control and Operability: Intuitive control of the robotic arm and wheelchair; control
of wheelchair movements.

e Adaptability and Usability: Adaptability to different users; preset routines in robot
and robot + chair actions.
Safety and Stability: Safety and stability in motion; EEG/ECG signal quality analysis.
Portability and Compatibility: Portability and low weight (<100 g; commercial wireless
headsets.

Each of these groups covers a set of key aspects of the system, from how it inter-
acts with the user and the environment to how security and usability are ensured. This
grouping should provide you with a clear structure for organizing and addressing the
functional requirements of the project. These requirement groups will be used to compare
the architecture with other previous works.

3.2. Technological Requirements

In Table 2, we can find the identified technical requirements necessary for the develop-
ment of the proposed architecture.

Table 2. Technical requirements table.

Technical Requirement Why
Effective integration of BCI with chair + robot Smooth communication between BCI and control system
Efficient EEG data processing (t < 1 s) Minimize latency and maximize accuracy
Real-time interpretation of EEG signals Immediate response of the system
Robust control system for robotic arm and wheelchair Precise and safe movements
Accessible and user-friendly interface Facilitate user interaction with the system
User feedback system Inform the user about the system’s status

Integration with commercial motorized wheelchairs Compatibility with existing systems

Usage autonomy (>3 h)

Limitation of use due to the autonomy of the wheelchair and the
headband

Support for multi-platform headbands, Windows, Apple, = Possibility of connecting the headband with multiple platforms to

Linux, Android

Low integration cost (<EUR 1500)

facilitate the interconnection between devices
The cost of integration should not be a barrier to entry for the end
user

Compliance with applicable regulations Compliance with current regulations and CE marking

Further information on each of the technical requirements identified in Table 2 can be
found in Appendix A.

To group technical requirements, we can consider aspects such as integration and
compatibility, system efficiency and performance, usability and accessibility, autonomy
and economic sustainability, and regulatory compliance. Here is a proposed grouping with
at least five typologies and at least two requirements in each:

e Integration and Compatibility: Effective integration of BCI with chair + robot; integra-
tion with commercial motorized wheelchairs; multi-platform headset support.

e  Efficiency and Performance: Efficient EEG data processing (t < 1 s); real-time interpre-
tation of EEG signals; robust control system for robotic arm and wheelchair.

e  Usability and Accessibility: Accessible and user-friendly interface; user feedback
system.
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e Autonomy and Economic Sustainability: Autonomy of use (>3 h); low integration
cost (<EUR 1500).
e Regulatory Compliance: Compliance with applicable regulations.

Each of these groups addresses different technical aspects that are fundamental to the
development and effective implementation of the system.

These tables and the detailed information for each requirement will serve as a reference
for determining the feasibility of the proposed architecture.

4. Architecture

This section presents the proposed architecture to achieve the research objectives and
requirements presented in Sections 3.1 and 3.2 of these documents.

The architecture is described by levels of abstraction, from functional levels through
hardware elements to software components.

4.1. Functional Architecture

Figure 3 illustrates the developed functional architecture of the BCI system to control
a robot and a motorized wheelchair. The process begins with the capture of EEG signals
from the brain, measured in microvolts (1V) and segmented by frequency ranges: Delta,
Theta, Alpha, Beta, and Gamma signals. These raw signals, filtered by the TGAM, are then
processed, and their values are used as training data in an initial stage and subsequently
utilized in real time. LSTM networks are deep learning models that require a previous
training process before they can be used to make predictions or classifications. This training
allows the LSTM network to learn patterns and relationships in the training data.

Precise hyperparameter tuning is crucial as it can drastically impact LSTM conver-
gence, overfitting, and generalization. Factors like the number of layers, nodes per layer,
activations, dropouts, batch size, and optimizers each play a key role. These hyperparam-
eters can be manually adjusted, although an automatic method such as random search
is recommended.

Once the LSTM network is trained, the optimized weights and parameters of the
model are saved in a file with a .h5 extension. This file basically contains all the “memory”
and knowledge captured by the LSTM network during training.

If we wanted to use the LSTM network to classify new data, it is absolutely necessary
to load the .h5 file with the trained weights. Otherwise, we would be using an untrained
LSTM network, which would provide completely random or erroneous classification
results.

The next stage is classification, likely through a DL model or RNN. The model inter-
prets the EEG signals and issues a movement order, which is transmitted to the robot’s
control system. This order can be as specific as “M1 + 5007, encoding a particular action
of the robot or wheelchair, with different values associated with and varying depending
on the number of degrees of freedom of the system (M1 and M2 for wheelchair motors
and J1 to J6 for the axes of the robot). In this case, a total of eight degrees of freedom are
considered: six from the robot and two from the motorized wheelchair, as the combination
of turning the two motors, right and left, facilitates the complete mobility of the wheelchair,
according to the user’s commands.

Figure 3 presents the functional architecture of our brain—computer interface (BCI)
system, which is designed for controlling robotic devices and motorized wheelchairs. It
begins with capturing EEG signals from the brain, which are categorized into various
frequency bands like Delta, Theta, Alpha, Beta, and Gamma. The RNN model receives the
raw data of these signals as inputs to generate the movement orders. Different DL neural
networks can be used, but Long Short-Term Memory (LSTM) networks are recommended
due to their proven efficiency in signal classification tasks. In this architecture, it is shown
that this RNN has been previously trained (information in h5 file), and here, it is utilized
for real-time decision making.
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The movement orders are received by the control module. The control module commu-
nicates with the wheelchair, and the module controls the robot. This component adapts the
abstract commands sent by the classification system to the low-level commands or control
signals of the devices. In addition, it oversees all the actions carried out by the system.

On the other hand, the robot control module is in charge of managing the low-level
control of the robotic arm. It generates the speed references for the motors to control the
position of each joint. As feedback position, it receives the encoder signal of each joint. The
control of the robot is managed through a module, possibly a C++ code file (indicated by
the .h extension for a header file). Finally, the energy source provides the required power
to all the components in the architecture.

Finally, the system provides feedback to the user, likely indicating whether an action
has been executed or if there is any error or state that the user needs to be aware of.
This feedback loop is essential for the interactivity and real-time error correction of the
BCI system.

4.2. Hardware Architecture

The elements that make up the proposed architecture are the following, which can be
seen in Figure 4, which describes, in addition to the actual photograph of the hardware
device, the main functional characteristics of each of the elements.

Figure 4 shows the hardware architecture of a BCI system, with a complex network of
components designed to control robotic devices and motorized wheelchairs. At the core
of the acquisition process, EEG signals are captured by the Neurosky and/or Brainlink
devices, which capture and read the user’s brainwaves. These signals are then transmitted
to the Jetson Nano device, a compact hardware device capable of performing computa-
tionally intensive tasks. The signals are transmitted via Bluetooth, which ensures wireless
communication for the user’s convenience and mobility.

The Jetson Nano processes EEG signals through an LSTM neural network, a type
of recurrent neural network recommended for its ability to handle time series data. This
LSTM is responsible for managing the EEG data workflow and generating movement com-
mands based on the analysis performed. The ROS operating system acts as a middleware
that enables communication between the various hardware and software components.
This process is carried out within the Jetson Nano, optimizing the process of analysis,
communication, and management of the orders associated with the EEG signal values.

The signals resulting from the above process are routed to various ports depending on
the function to be performed. The USB serial port facilitates direct communication with the
Arduino modules responsible for controlling the robot and the system’s safety chain, while
the GPIO ports will focus on the direct control of the motorized wheelchair’s movements.
The safety signals (£s) and encoder signals (&e) are crucial to the operation of the robot: the
safety signal serves as an emergency or caution interrupt redundantly, and the encoder
signal provides information about the positions of the robot’s joints, controlling the actual
position of each of the robot’s axes.

The Arduino Mega + Nano configuration is the microcontroller platform that receives
commands from the ROS part of the Jetson Nano, processes these signals, and translates
them into physical movements of the NIRYO robot, which is shown with a blue outline,
indicating its status as the central element of the system. The Arduino setup is also
responsible for handling encoder feedback and issuing safety signals as needed.

The wheelchair interface is represented by a digital/analog signal line (4-20 mA),
common in industrial control systems, to manage its operation. Power is supplied by a
12 Vdc supply, and there is a secondary 5 Vdc/4 Amp power supply line, highlighting the
system’s need for different voltage levels for various components.

In adherence to stringent safety standards, a dual redundant system based on Arduino
technology has been incorporated, which integrates an Arduino Mega with an Arduino
Nano, both connected to the Jetson Nano. In turn, these Arduino devices are connected to
the safety chain of the electrical wheelchair. This configuration ensures that in the event of
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a malfunction in any of the devices or an anomaly within the safety chain, the entire system
will halt, thereby activating the safety mechanisms of the motorized wheelchair. This setup
guarantees continuous monitoring of the system'’s performance, effectively precluding any
safety hazards during operation. Such a redundant system not only reinforces the reliability
of our setup but also aligns with the highest safety norms, ensuring that our design is safe
and functional.

4.2.1. EEG Data Acquisition

In our research, the capture of EEG data is conducted using low-cost devices such as
Neurosky and Brainlink commercial headbands. This represents a significant advancement
in the accessibility, application, and democratization of EEG technology in BCIs. These
headbands, unlike traditional EEG systems, offer a practical and non-invasive solution for
capturing brain signals, although with certain limitations in terms of resolution and spatial
precision since they only collect signals from a specific area of the user’s brain, as described
in Figure 5. On the other hand, the use of these headbands, due to their ease of use, favours
the comfort and portability of the device for the user, eliminating the need to wear bulky
devices or caps with multiple electrodes.

Figure 5. Brainlink headband from Macrotellect (left). Brainwave headband from Neurosky (right).

These devices capture a wide range of brain signals from the prefrontal area of the
user’s skull, specifically from points (Fp1) as observed in Figure 6, obtaining Delta (1-3 Hz),
Theta (4-7 Hz), Alpha (8-13 Hz, subdivided into high and low), Beta (14-30 Hz, subdivided
into high and low), and Gamma (31-100 Hz, subdivided into high and low) waves [14].

l l Brainlink Ref.

Neurosky Ref.

Figure 6. Electrode position (researchgate source).
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These devices feature a chip called TGAM integrated into the headbands, which
performs essential preprocessing of the data, filtering noise in the extraction of these
characteristics [15]. In addition to the brain signals, they provide attention and meditation
indices calculated from the processed EEG signals. The voltage amplitudes of these signals
vary between 20 and 200 uV [16], with the voltage ranges of the EEG signals presented in
Table 3.

Table 3. Frequencies and voltages of captured brain signals.

Brain Signal Frequency (Hz) Voltage (V)
Delta Waves 1-3Hz 20-200 pV
Theta Waves 4-7 Hz 10-100 VvV
Alpha Waves 8-13 Hz 20-100 pVv !
Beta Waves 14-30 Hz 5-30 uV 2
Gamma Waves 31-100 Hz >20 uv 3

1 Alpha waves are prominent when a person is relaxed but awake, especially with eyes closed. 2 Beta waves are as-
sociated with concentration and active thinking. > Gamma waves are associated with higher cognitive processes.

A crucial technical aspect of these headbands is their signal capture method. The
Neurosky headband, for instance, uses a dry electrode on the forehead and a reference point
on the left earlobe to establish a baseline voltage of 0. In contrast, the Brainlink headband
uses a reference point on the user’s own forehead. This simplified signal capture approach,
though it limits spatial resolution, makes the headbands ideal for BCI applications where
the complexity and cost of traditional medical EEG systems are very high.

The operation of the Neurosky headset and the preprocessing of EEG signals involves
several stages. First, the raw EEG data are subjected to a common reference and baseline
correction process [21]. Subsequently, artifact detection algorithms, such as facial gestures
or muscle movements, can be applied to identify and remove unwanted signals [22]. In
addition, relevant feature extraction steps are performed from the pre-processed signals for
further analysis [23]. These processes are essential to ensure the quality of EEG data and
their usefulness in brain-computer interface applications and other research areas.

ThinkGear technology in the Neurosky headband is a system that amplifies the raw
brainwave signal, eliminates noise and artifacts, and delivers a digitized brainwave sig-
nal [20]. This technology, together with a dry electrode, enables the acquisition of EEG
signals for further processing and analysis in brain—computer interface applications and
other areas of research. ThinkGear and TGAM are Neurosky’s patented technologies.

Figure 7 provides a comprehensive visualization of EEG signal fluctuations over time
across various frequency bands: Delta, Theta, Alpha (low and high), Beta (low and high),
and Gamma (low and high), alongside metrics for attention and meditation. The figure
demonstrates the complexity and dynamic nature of brain activity, as well as the capability
of our system to capture and distinguish between different mental states and cognitive
loads. These data are crucial for our analysis as they validate the sensitivity and specificity
of our BCI system in detecting and interpreting nuanced patterns of neural activity, which
is foundational for accurate system responses.

The eight base signals, from Delta to Gamma, can be observed, along with the attention
and meditation values calculated by the Neurosky algorithm [24].

The application of these headbands in signal labelling for BCls is particularly promis-
ing. Initially, our focus was on using motor imagery to label EEG signals. This technique,
which involves mentally simulating movements without physical execution, has the po-
tential to enable users to control devices by simply imagining movements. Additionally,
we are exploring models based on evoked potentials, such as P300 and SSVEPs, for cases
where motor imagery does not provide the desired level of control [25].

However, low-cost EEG headbands present challenges related to the quality and
accuracy of the captured signals. Limitations to a single capture point and the use of dry
electrodes reduce spatial resolution and data fidelity. Despite this, advances in machine
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learning algorithms and signal processing are improving the interpretation of these data.
For example, the article “Methodologies and Wearable Devices to Monitor Biophysical
Parameters Related to Sleep Dysfunctions: An Overview” (2022) by Roberto De Fazio et al.
provides an overview of the use of EEG devices in monitoring applications, which can be
extrapolated to BCI applications [26].
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Figure 7. Brain signals obtained with Brainlink headset.

Looking forward, the combination of these low-cost technologies with sophisticated
algorithms promises broader integration of BCls in various applications. Future research
should focus on improving the accuracy of these devices and exploring new methodologies
for signal classification. The democratization of access to EEG technology opens a world
of possibilities in the field of neuroscience and human-computer interaction, promising
significant advances in understanding and manipulating brain activity.

4.2.2. Hardware for Classification and Control

The NVIDIA Jetson Nano (Figure 8), pivotal for classification and control tasks in
our BCI project, is a compact Al powerhouse. With its quad-core ARM Cortex-A57 CPU



Electronics 2024, 13, 1013

14 of 54

and 128-core Maxwell GPU, it is adept at running parallel neural networks and handling
multiple high-resolution streams, courtesy of 4 GB LPDDR4 RAM. Its compatibility with a
plethora of interfaces like GPIO and 12C, along with its real-time computational prowess,
makes it ideal for real-time EEG signal processing with LSTM networks and robotic control
via ROS, providing the necessary speed and parallel processing capabilities for sophisti-
cated robotics and BCI applications.

Figure 8. Jetson Nano device.

Table 4 summarizes the key specifications and features of the NVIDIA Jetson Nano.

Table 4. Jetson Nano specifications.

Feature Specification
CPU Quad-core ARM Cortex-A57
GPU 128-core NVIDIA Maxwell
Memory 4 GB LPDDR4 RAM
Interfaces GPIO, 12C, 12S, SPI, UART
Suitable Applications Robotics, BCI projects
Specialties Real-time processing, Al tasks, multiple neural networks

These specs highlight the Jetson Nano’s capacity for complex, high-speed Al computa-
tions and its suitability for advanced BCIs and robotics systems.

The Arduino Mega, powered by the ATmega 2560 (Figure 9), is a versatile microcon-
troller with 54 digital I/O pins, 16 analogue inputs, and 4 UARTS, suitable for complex
projects involving multiple I/O operations, such as robotic control. It is complemented by
the Ramps 1.4 shield, which can manage five stepper motors, typical in precision appli-
cations such as 3D printing. This shield also supports power controller drivers for high
endurance operation and variable power requirements. Together, the Arduino Mega and
Ramps 1.4 shield form a powerful duo for a six-axis robotic system, offering the control
and power needed to drive multiple motors and axes with precision. This cost-effective
and customizable combination is capable of the detailed motion control essential to the
requirements of the BCI project, allowing for custom tuning and scalability of the system.

Figure 9. Arduino Mega + Shield Ramps 1.4 (left); Arduino Nano 33 (right).



Electronics 2024, 13, 1013

15 of 54

The Arduino Nano, a compact microcontroller board based on the ATmega 328P, plays
a critical role in our redundant safety system. Its small footprint and robust functionality
make it an ideal choice for embedding within complex systems. In our setup, the Nano
serves as a backup controller, working in conjunction with the Arduino Mega to ensure
system reliability. Through seamless communication with the Mega, it provides an addi-
tional layer of monitoring and control, enhancing the safety and stability of the motorized
wheelchair’s operation.

4.2.3. Cobot and Motorized Wheelchair

The integration of advanced technologies in motorized wheelchairs and cobots, such
as the Niryo (Figure 10) open-source model, represents a significant advance in assistance
for people with reduced mobility [27,28]. This integration not only improves the autonomy
of users but also opens new possibilities in terms of control and adaptability.

Figure 10. Open-source NIRYO ONE robot.

Modern motorized wheelchairs (Figure 11), offer various control options to suit the
individual needs of users. Control methods include joysticks, manual controls, and remote
control, each with its own advantages in terms of accessibility and ease of use. For example,
a study on “Modelling and control strategies for a motorized wheelchair with hybrid
locomotion systems” highlights the importance of versatile control systems in motorized
wheelchairs [29].

Figure 11. Basic model of motorized wheelchair.

The proportional control of power wheelchairs (Figure 12) improves manoeuvrability
and user comfort by adjusting the movement to the force applied., which is vital for a safe
and pleasant driving experience. Studies, such as one on motorized wheelchair imple-
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mentation for the handicapped, affirm the efficacy of proportional controls. Wheelchair
access can be through parallel joystick control or directly to the motor driver, allowing
movement control via digital or analogue setpoint signals. Collaborative robots (cobots)
like the open-source Niryo model offer adaptability to various environments and tasks,
with precise programming capabilities making them suitable for daily assistance and user
life quality improvement [27]. Integrating cobots with motorized wheelchairs, such as the
Niryo One, a six-axis robot designed for education, research, and industry, fosters new
assistance and autonomy avenues. This integration allows cobots to perform tasks while
the user navigates, enhancing efficiency and independence.

Lever to maneuver
the chair
Figure 12. Manual control of motorized wheelchair.

The Niryo One’s simple, efficient mechanical design, its ease of programming through
Niryo Studio, and 3D Unity visualization cater to users across technical proficiencies, en-
abling immersive learning and operation understanding. Its precision and repeatability are
pivotal for EEG signal processing and LSTM network classifications, requiring sensitivity
and specificity in tasks involving brain signals. ROS integration expands its application
to advanced robotics and BCI projects, making Niryo One an exemplary platform for BCI
endeavors that demand seamless hardware—software integration. The combination of its
technical capabilities, user-friendly software, and precision control positions Niryo One as
an ideal tool for high-level BCI project integration, underscoring the potential of combining
advanced control systems and collaborative robotics to enhance autonomy and assistance
in BCI applications [30].

Despite advances, there are challenges in integrating these technologies, especially in
terms of user interface and accessibility. However, studies such as “Design and Implemen-
tation of Hybrid BCI based Wheelchair” show how continuous innovation in wheelchair
control can overcome these challenges [31].

4.3. Software Architecture

In this section, we address the integration of EEG signal processing with the robotic
control system through ROS. We detail how brain signals are processed using machine
learning algorithms and neural networks, enabling precise interpretation of user intentions.
This crucial process ensures safe and effective commands for the dynamic control of robotic
devices and motorized wheelchairs, highlighting technical innovations and challenges in
the brain—computer interface and robotics, based on ROS by the Niryo robot, and other
similar robots [27].

As a first approach, Figure 13 presents the diagram of the proposed software archi-
tecture, as well as the flow of signals and data necessary for the implementation of the
proposed structure.

For this integration, the Jetson Nano device has been used, which allows all the
requirements of this development to be integrated into a single device, including each
component of the process, its function, specific details, the type of output generated, and
the necessary software or libraries.
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Figure 13. Software architecture.

Having identified the steps for processing the signals in Table 5, we have opted for the
NVIDIA Jetson Nano device as our module for execution and data processing.

Table 5. EEG to ROS processing and control structure.

Component Function Details Output Software and Libraries
. - Captures raw EEG data  Direct interface with EEG headset SDK or
EEG Signal Acquisition from the headset EEG headband Raw EEG data API
. . Filters and normalizes Bandpa.ss f}lters, Python 3.11 libraries
Signal Preprocessing EEG sienals normalization Processed EEG data (6.2, scipy, numpy)
& techniques & SCIPY, Py

Extracts relevant
features from EEG
signals

Feature Extraction

Neural Network Model Classifies s1gnals usmng
a deep learning model
Interprets the output of

Output Interpretation the neural network

Generates appropriate
commands for robotic
control

Command Generation

Wavelet transforms,
extraction of statistical
features

LSTM or Convolutional
Neural Network
(CNN)

Mapping of network
output to specific
commands
Conversion of network
output to control
signals

Feature vectors

Classification results

Interpreted commands

Control commands for
ROS

Python 3.11 libraries
(e.g., pywavelets)

TensorFlow (V2.13),
PyTorch (2.2.1)

Custom script or
module

Custom script for
integration with ROS

One of the main advantages of the Jetson Nano is its ability to perform deep learning
inferences at the edge, meaning it can process data directly on the device without needing
a connection to a central server. This is crucial in BCI applications, where low latency and
real-time processing are essential for smooth and effective interaction. This is necessary in
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our research for the application of controlling wheelchairs or robotic prosthetics, given its
capacity to process EEG signals and make real-time decisions, which is fundamental for
the safety and efficacy of the system.

Another factor that influenced our choice of the Jetson Nano is its energy efficiency,
making it suitable for portable and mobile applications. This is especially relevant in
the context of low-cost EEG headbands like Neurosky or Brainlink, where portability
and energy efficiency are key considerations. Combining these headbands with a device
like the Jetson Nano can facilitate the implementation of BCI systems in non-laboratory
environments, increasing their accessibility and applicability in real-life situations.

4.3.1. Real-Time Signal Preprocessing (Jetson Nano)

The Bluetooth connection between the EEG headband and the Jetson Nano initiates
the preprocessing of EEG signals, a crucial step in implementing efficient BCIs. This process
converts raw EEG signals into a format suitable for real-time analysis and classification,
essential for the precision and effectiveness of brainwave classification.

In preprocessing, normalization standardizes the EEG data, while the Fourier Trans-
form and wavelet transforms decompose the signals into frequency components, which is
crucial for identifying different cognitive and emotional states. Normalization enhances
the robustness of the model, and the Fast Fourier Transform and wavelet transform allow
for precise temporal localization of frequencies.

Subasi (2021), in his article, highlights the importance of these techniques in BCIs [32].
Subsequently, the pre-processed EEG signals are classified by neural networks. CNNs and
RNNSs have proven effective for this, as per Roy et al. (2022) [33].

The integration of these preprocessing techniques with advanced neural networks
promises to improve the accuracy and efficacy of BCI systems, opening new possibilities in
human-computer interaction and assistance to individuals with motor disabilities.

4.3.2. Classification

The classification of EEG signals, fundamental for brain-computer interfaces, has
made significant progress with the incorporation of deep learning and machine learning
techniques. Advanced neural networks like CNNs and LSTMs have enhanced efficiency
and precision in EEG classification [34,35]. One of the main innovations of our proposed
EEG-based control architecture is the integration of a neural short-term memory (LSTM)
network to decode brain activity signals in real time. As LSTMs possess innate capabilities
to model temporal sequences and learn long-range contextual patterns, they are ideally
suited to handle the dynamic and non-linear relationships of EEG data streams.

Once trained, the LSTM model is integrated into our architecture for classifying EEG
segments in real time and mapping predictions to wheelchair commands. As users generate
distinctive brain patterns via motor imagery, the LSTM classifier assigns probability scores
for each control label. On passing preset confidence thresholds, the categorized intents are
programmed to trigger corresponding wheelchair movements (e.g., turning left/right, for-
ward/back). This allows intuitive, adaptive wheelchair navigation based solely on decoded
brain activity. Moreover, the adaptation of deep transfer networks has shown advantages
over traditional methods [36], while feature selection based on minimum entropy has
improved performance [37]. The optimization of deep learning models using evolutionary
algorithms has increased energy efficiency [34]. Finally, the implementation of simplified
models, such as a version of GoogLeNet, has been effective in EEG signal classification [38],
highlighting the advancement and practical application of these technologies in BClIs.

Next, we propose a list of possible labels that the LSTM network could send and
interpret in ROS to be operational.

WCL, WCR, WCB, and WCE, followed by a value between 0 and 50. The string
corresponds to the acronym for Wheelchair Left (WCL), Wheelchair Right (WCR), and so
on with backward and forward.
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Following the same mechanism, we can do the same with the robot, assigning the
letter R for Robot and J to determine the axis that moves, plus a value from 0 to 360 degrees
to determine the movement.

4.3.3. LSTM Description

LSTM networks, a subclass of recurrent neural networks (Figure 14), are pivotal in our
project for their exceptional ability to process and remember information over extended
periods, making them ideal for handling the sequential and temporal nature of EEG
signals. Unlike traditional neural networks, LSTMs are designed to avoid the long-term
dependency problem, enabling them to remember inputs for long durations with their
unique architecture comprising three gates: input, output, and forget gates [39].

Forget
Output
gate

o-
@_» | o il o || tanh ]

Input Output
gate gate

Figure 14. LSTM diagram.

Figure 14 shows the structure of a cell unit in the LSTM network. The input gate
controls the extent to which a new value flows into the cell, the forget gate regulates the
retention of previous information, and the output gate determines the value to be outputted
based on input and the memory of the cell. This gating mechanism allows LSTMs to make
precise decisions about retaining or discarding information, making them highly effective
for tasks requiring the understanding of context over time, such as EEG signal analysis in
our BCI project.

In the context of our work, LSTMs are employed to analyse EEG signals for pattern
recognition and classification, which is crucial for translating neural activity into commands
for assistive technologies. The ability of LSTMs to learn from the temporal sequence of EEG
data, recognizing patterns associated with specific neural activities or intentions, underpins
the system’s capability to provide accurate and responsive control to the end users. This
makes LSTM networks an integral component of our project, bridging the gap between raw
EEG signals and actionable outputs in assistive devices, thereby enhancing the interaction
between humans and machines in a seamless, intuitive manner. Their integration within
our BCI framework not only exemplifies the cutting-edge neural processing technologies
but also solidifies the foundation for future advancements in the field [40].

4.3.4. ROS

ROS is a versatile framework like an operating system for robotics, offering hardware
abstraction, device control, functionality implementation, inter-process communication,
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and package management. Its modularity is essential, allowing robots to be created with
reusable software components. ROS 2 further advances robotics by focusing on intelligent
systems and compatibility with modern technologies.

Integration with hardware such as Arduino is simplified by rosserial, which combines
the hardware control of Arduino with the high-level functions of ROS. The programming
of nodes in ROS, which communicate to perform computations, is vital and emphasizes
publish/subscribe mechanisms, services, and actions for robust robotic systems. The ROS
environment favours Al algorithms for advanced automation and intelligent robotics. The
use of a Jetson Nano for Al together with an Arduino with TMC controllers, exemplifies
the merging of Al with precise motor control for autonomous robots. This innovative
integration of ROS, Arduino, and Al is fundamental to the advancement of intelligent
robotics [41].

4.3.5. ROS Nodes on Jetson Nano

Next, in Table 6, we outline the necessary implementation in ROS, focusing on nodes,
topics, and basic functions for controlling the robotic arm and wheelchair.

Table 6. ROS nodes and topics.

Component Function ROS Nodes Topics Additional Notes
EEG Signal Processing Node
Interprets EEG signals using /eeg/commands, Uftilrzr?eswzeriz ];Ei;nal:g
Neural Network Node LSTM/RNN to generate neural_network_controller & 1
commands /control/commands TensorFlow (V2.13) or
PyTorch (2.2.1)
Motor Control Node Processes corpmands to motor_control /motor/commands Requires knowledge of motor
control robotic arm motors control
Servo Control Node Controls servos for precise servo_control /servo/commands Servo control algorithms
movements necessary
Manages communication /arduino/commands, rosserial package can be used
Communication with Arduino  between ROS and Arduino arduino_communicator . ’ P ge can
Mega /arduino/responses for communication

Sensor Data Processing
Robotic Arm Control

Wheelchair Navigation

Processes sensor data in
robotic arm and wheelchair
Coordinates movements of the
robotic arm based on
commands

Manages autonomous
navigation of the wheelchair

sensor_data_processor

wheelchair navigator

arm_movement_coordinator

/sensors/raw_data,
/sensors/processed_data

/arm/commands,
/arm/status

/navigation/commands,
/navigation/status

Sensor data processing for
feedback and safety

Integration with moveit or
similar packages

Includes route planning and
obstacle avoidance algorithms

These components and configurations form a comprehensive guide to implementing
the system on the Jetson Nano, utilizing ROS for EEG signal processing, control of the
robotic arm, and wheelchair navigation [42].

Controlling an electric wheelchair involves using a propulsion and steering system,
which can be controlled via electrical signals. In the context of ROS, a node could be
developed that subscribes to a specific topic where LSTM network labels are published.
This node would interpret the received labels and generate the appropriate control signals
for the GPIO terminals that control the wheelchair. The detailed implementation of this
node will depend on the specific configuration of the wheelchair and how it is electrically
controlled. For example, if the wheelchair uses DC (Direct Current) motors for propulsion,
the node will need to generate the appropriate PWM (Pulse Width Modulation) signals to
control the speed and direction of the motors. If the wheelchair uses a joystick for control,
the node will need to map the LSTM network labels to joystick movements and generate
the corresponding electrical signals.

4.3.6. Coding Orders

The development of an advanced robotic application that integrates EEG data capture,
interpretation, and prediction using Al on a Jetson Nano platform, using ROS to control a
motorized wheelchair in conjunction with a six-degrees-of-freedom cobot and an Arduino
Mega as a microcontroller, is a complex process involving multiple stages and components.



Electronics 2024, 13, 1013

21 of 54

The final architecture, which meets all the requirements defined in this research, is
shown in Table 7. This table relates the selected physical components with the input and
output signals between the devices and the necessary software for their implementation.

Table 7. Hardware/signals/software relationship.

Component Hardware Input Signals Output Signals Software

EEG Headsets Neurosky, Brainlink , . Delta to Gamma EEG Signal processing
(Neurosky, Brainlink) headsets User’s EEG signals signals software

. EEG electrodes in Delta to Gamma EEG Processed EEG signals  Signal classification
Prefrontal EEG Signal . - - .

headsets signals for interpretation algorithms
Deep Learning
Control commands for ~ frameworks (e.g.,

Neural Network Jetson Nano Processed EEG signals  robotic TensorFlow (V2.13),

(Jetson Nano)

ROS Nodes on Jetson
Nano

Arduino Mega

Robotic Arm

Autonomous
Wheelchair

Jetson Nano

Arduino Mega
controller
Motors, sensors,
actuators

Motors, control systems

Commands from
Neural Network
Commands from ROS
Nodes

Motion commands
from Arduino
Navigation commands

arm/wheelchair

Control signals to
Arduino

Motion commands to
robotic arm

Movement actions

Movement actions

PyTorch (2.2.1)),
LSTM/RNN

ROS, rosserial, moveit,
navigation stack
Firmware for motor
control and feedback
Control algorithms for
robotic arm
Wheelchair control and

from ROS navigation systems

Having identified both the functional and technical requirements, as well as the
necessary hardware and software devices to meet the requirements and define the proposed
architecture in detail, we will proceed to elaborate on each part. To make sense of this
definition of methods and methodology, we will follow the timeline of the process and,
thus, the data flow.

In summary, this proposed architecture integrates cutting-edge technologies in BCls,
machine learning, robotics, and hardware control to create a solution that can significantly
improve the quality of life for patients with neurodegenerative diseases. The key to the
success of this project lies in the effective integration of these technologies and in the
thorough validation of their functionality and safety, in addition to a substantial cost
reduction, focusing on the use of low-cost and/or open-source devices, democratizing
this technology.

5. Results

In this section, we present a theoretical examination of the proposed method in
comparison with established baselines. It is imperative to note that the scope of this study
encompasses theoretical analyses, eschewing empirical evaluations of the proposed system.
Such empirical assessments are earmarked for subsequent investigations. This delineation
ensures a clear understanding of our current findings, which are intended to illustrate
potential improvements and theoretical advancements over existing frameworks. Our aim
is to lay a robust groundwork for future empirical studies, thereby contributing both to the
academic discourse and to practical applications in the field.

5.1. Comparison with Other Works

After a comparison of the proposed architecture with nine similar developments, in
which both the objectives and the way the research was carried out were evaluated, the
results are conclusive, especially in the achievement of the technical requirements.

These works were selected after a search of references in Scopus and Google Scholar,
where a search was filtered by terms related to this research. The combination of the
keywords “EEG”, “ML”, “ROS”, and “wheelchair” has resulted in the following research
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that has been used to compare our research with research that is very close in concept
and format.

Ref 1.—SSVEP-Based BCI Wheelchair Control System [43].
Ref 2.—Brain-Computer Interface Controlled Robotic Gait Orthosis [44].
Ref 3.—Wheelchair Automation by a Hybrid BCI System Using SSVEP and Eye
Blinks [45].
Ref 4 —EEG-Based BCls: A Survey [46].
Ref 5—EEG Wheelchair for People of Determination [47].
Ref 6.—BCI-Controlled Hands-Free Wheelchair Navigation with Obstacle Avoid-
ance [48].
Ref 7.—A Literature Review on the Smart Wheelchair Systems [49].
Ref 8.—A Real-Time Control Approach for Unmanned Aerial Vehicles Using Brain-
Computer Interface [50].
e  Ref 9.—Real-Time Brain Machine Interaction via Social Robot Gesture Control [51].

The spider chart provided in Figure 15 presents a comparison of functional require-
ments across a proposed solution and eight references. Notably, both the proposal and ref-
erence 3 exhibit remarkable alignment across all the metrics, suggesting a close or identical
prioritization of functional aspects. These encompass functionality and integration, control
and operability, adaptability and usability, as well as security and stability, and finally,
portability and compatibility. In these domains, the proposal and reference 3 reach parallel
scores, implying that they may share similar design philosophies or operational objectives.

FUNCTIONAL REQUIREMENTS

+++@ ¢+ Proposal Ref 1 Ref 2 Ref 3 see@ -+ Ref4

cee@ e Ref5S cee@ e Ref 6 coe@ e Ref7 eoe@ e Ref 8 cee@ e Ref9
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Figure 15. Functional requirements compliance diagram. Ref 1.—SSVEP-Based BCI Wheelchair
Control System [42]; Ref 2.—Brain-Computer Interface Controlled Robotic Gait Orthosis [43]. Ref 3.—
Wheelchair Automation by a Hybrid BCI System Using SSVEP and Eye Blinks [44]. Ref 4 —EEG-
Based BClIs: A Survey [45]. Ref 5,—EEG Wheelchair for People of Determination [46]. Ref 6.—BCI-
Controlled Hands-Free Wheelchair Navigation with Obstacle Avoidance [47]. Ref 7.—A Literature
Review on the Smart Wheelchair Systems [48]. Ref 8.—A Real-Time Control Approach for Unmanned
Aerial Vehicles Using Brain-Computer Interface [49]. Ref 9.—Real-Time Brain Machine Interaction
via Social Robot Gesture Control [50].

Contrastingly, the other references display varied degrees of divergence from the
proposed solution, with each reference presenting a unique profile of strengths and weak-
nesses. This diversity in scoring indicates differing emphases on the functional require-
ments, which may stem from alternative strategic focuses or target user needs. Such
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discrepancies underscore the necessity for a thorough analysis when benchmarking against
multiple frameworks to ensure that the chosen reference aligns with the specific goals and
constraints of the project at hand.

In Figure 16, the spider chart delineates a comparative assessment of technical require-
ments for a proposal against a suite of references. It becomes apparent that the proposal is
particularly strong in regulatory compliance, suggesting a conscientious alignment with
relevant laws and standards. However, in other technical domains, such as efficiency and
performance, usability and accessibility, and autonomy and economic sustainability, the
proposal does not reach the benchmark set by some references. This is indicative of a
potential trade-off that has been made in favour of compliance over other technical merits.

TECHNICAL REQUIREMENTS
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Figure 16. Technical requirements compliance diagram. Ref 1.—SSVEP-Based BCI Wheelchair
Control System [42]; Ref 2.—Brain-Computer Interface Controlled Robotic Gait Orthosis [43]. Ref 3.—
Wheelchair Automation by a Hybrid BCI System Using SSVEP and Eye Blinks [44]. Ref 4—EEG-
Based BClIs: A Survey [45]. Ref 5,—EEG Wheelchair for People of Determination [46]. Ref 6.—BCI-
Controlled Hands-Free Wheelchair Navigation with Obstacle Avoidance [47]. Ref 7.—A Literature
Review on the Smart Wheelchair Systems [48]. Ref 8.—A Real-Time Control Approach for Unmanned
Aerial Vehicles Using Brain-Computer Interface [49]. Ref 9.—Real-Time Brain Machine Interaction
via Social Robot Gesture Control [50].

Differences among the references themselves are also noticeable, with some excelling
in areas where others are less capable. Reference 7, for example, shows substantial scores
in integration and compatibility, indicating a focus on harmonious system incorporation.
In contrast, other references, such as Ref 1 and Ref 9, seem to prioritize efficiency and
performance more highly. These variances highlight the diversity of technical strategies
and priorities that exist within the field and the importance of carefully selecting a reference
that aligns with the specific technical aspirations of a project.

As can be seen in Tables 8 and 9, as well as in the diagrams in Figures 15 and 16, for
the functional requirements part, some of the papers. Specifically, the one referenced with
n° 3 could be considered to meet the parameters proposed by our architecture, but on the
contrary, this same paper, Ref. 3, is substantially far from the technical objectives; therefore,
we can consider that in none of the cases compared, the specifications and requirements
that our architecture proposes as a solution are met.
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Table 8. Comparative table of functional requirements.
RFun'c tional Proposal Ref1 Ref2 Ref 3 Ref 4 Ref 5 Ref 6 Ref 7 Ref 8 Ref 9
equirements
FR1 Functionality and v v v v v v v v v v
FR2 Integraﬁgn v v v v v v v v v v
FR7 v v X v X v v v X X
100% 100% 66% 100% 66% 100% 100% 100 66% 66%
FR 3 - v v v v X v v ? X ?
R6 Control and Operability v v v v 9 v v v 9 y
100% 100% 100% 100% 0% 100% 100% 50% 0% 50%
L5 Adaptability and Usability v v v v v v v v v v
FR 11 v X X v X X X X X v
100% 50% 50% 100% 50% 50% 50% 50% 50% 100%
£§;1 Security and Stability j j j j \>/< i j j j j
100% 100% 100% 100% 50% 100% 100% 100% 50% 100%
FR 8 Portability and v X X v X v X X X X
FR 10 Compatibility v v X v X v X X X X
100% 50% 0% 100% 0% 100% 0% 0% 0% 0%
%Total 100% 82% 64% 100% 36% 91% 73% 64% 36% 55%
Table 9. Comparative table of technical requirements.
R Technical Proposal  Refl Ref 2 Ref 3 Ref 4 Ref 5 Ref 6 Ref 7 Ref 8 Ref 9
equirements
TR1 . v v ? v X v v v X v
TR7 I’éfg;;‘t‘l’; laig,d v v x v x v v 2 x x
TR 9 v X X X X X X X X X
100% 66% 0% 66% 0% 66% 66% 33% 0% 33%
TR 2 N v v v v x v v v v v
TR 3 Hificiency and v v v v v v v v v v
TR 4 v v ? v X v v ? X X
100% 100% 66% 100% 33% 100% 100% 66% 66% 66%
TR 5 . o v ? X v X ? v v X v
TR 6 Usability and Accessibility v « % ? « < % v < v
100% 0% 0% 50% 0% 0% 50% 100% 0% 100%
TR 8 Autonomy and Economic v X X X X X X X X X
TR 10 Sustainability v X X X X X X X X X
100% 0% 0% 0% 0% 0% 0% 0% 0% 0%
TR 11 Regulatory Compliance v X X X X X X X X X
100% 0% 0% 0% 0% 0% 0% 0% 0% 0%
% Total 100% 45% 19% 55% 9% 45% 55% 45% 19% 45%

5.2. Analysis of the Requirement Fulfillment

Our architecture meets all the functional and technical requirements detailed in
Tables 1 and 2 of this publication, as shown in the checklists of Tables 8 and 9. Table 10
shows the degree of compliance with the functional requirements and the justification
for compliance.

Appendix B. details the result on the Fulfilment of Functional and Technical Require-
ments with Other Works.

Appendix C details each of the requirements and their degree of compliance in relation
to the functional issues.

Next, in Table 11, we will verify that compliance with the technical requirements is
also achieved according to the proposed architecture.

Appendix D details each of these requirements and their degree of compliance in
relation to technical issues.



Electronics 2024, 13, 1013

25 of 54

Table 10. Functional requirements compliance tables.

Functional Requirement

Achieved

Justification

EEG signal capture
Real-time interpretation of EEG signals

Intuitive control of the robotic arm and
wheelchair

Safety and stability in movement

Adaptability to different users
Control of the wheelchair’s movements

Portability and low weight (<100 g)

EEG/ECG signal quality analysis

Commercial wireless headbands
Integration of the robot in commercial chairs

Preset routines in the actions of the robot and
robot + chair

Yes

Yes

Yes

Yes

Yes
Yes
Yes

Yes
Yes

Yes

Yes

Neurosky and Brainlink EEG headbands
Signal processing algorithms, embedded in
Jetson Nano and associated with ROS module
execution

Classification by IM (Motor Imagery) and/or
P300

Control systems and safety sensors in the
prototype

Machine learning algorithms that adapt to each
user, supported by ROS

Rational control of movements

Commercial headbands with weights less than
100 g

The selected headbands provide and monitor
this quality signal value

Bluetooth connection

Possibility of modifying the robot’s base support
as it is an open-source model with Creative
Commons SLTs

Implementation of preset movements in ROS
nodes

Table 11. Technical requirements compliance tables.

Technical Requirement

Achieved

Justification

Effective integration of BCI with wheelchair +
robot

Efficient EEG data processing (t=1s)

Real-time interpretation of EEG signals

Robust control system for robotic arm and
wheelchair

Accessible and user-friendly interface

Feedback system for the user
Integration with commercial motorized
wheelchairs

Usage autonomy (>3 h)

Support for multi-platform headbands:
Windows, Apple, Linux, Android.

Low integration cost (<EUR 1500)

Compliance with applicable regulations

Yes

Yes

Yes

Yes

Yes
Yes
Yes
Yes
Yes
Yes

Yes

The ROS module allows this integration

Processing times on Jetson Nano with ROS
(Benchmark comparison)

The use of the open-source ROS module
provides robustness for wheelchair and robot
control

Graphical interface and usability tests in the field

Integrated feedback system in the Jetson Nano
control device, with ROS nodes
Testing with various commercial models

Mechanical and electrical integration

Calculation of predicted consumption values
Multi-platform headbands with Windows, Linux,
iOS, and Android connectivity

Cost estimation less than EUR 1500.

Compliance with the regulations applicable to
these devices according to the current applicable
standard

5.3. Economic Viability of the Proposed Architecture

An economic and financial analysis was carried out, considering a scenario of device
sales, with the results shown in the following figures and tables.

Figures 17 and 18 shows the result of costs with the two options evaluated.

NPV, IRR, and ROI results for the sales scenario with an initial investment of EUR
6000, necessary for the first year of activity, assuming a rate of return of 10%.

In Table 12, you can see the results of the analysis during the first 5 years, which are
fundamental for the survival of the business model.
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Cost Scenario

B Headband Neurosky Mindwave
Mobile 2

m Headband Macrotellect Brainlink
Lite

m Jetson Nano Developer Kit
Ardino Mega + Shield Ramps 1.4

M 5 drivers TMC 2208

m Robot Niryo One (Open Source)

M Labour cost.

M Direct and indirect costs.

Figure 17. Cost of production scenario.

SELLING SCENARIO

180000
160000
140000
120000
100000
80000
60000
40000
20000 '
3 4 5 6

0
1 2
W Year 0 1 2 3 4 5
M Sales 1 3 10 20 50 100

M Revenue  €1,714.19 €5,142.57 €17,141.9 €34,283.8 €85,709.5 €171,419.

M Year MSales M Revenue

Figure 18. Selling scenario (5 years).

Table 12. Financial results.

Results Data
NPV EUR 2448.22
IRR 19.49%
ROI 210.75%

Figure 19 shows the evolution of annual cash flow for each of the 5 years with the
updated initial investment of EUR 6.000.

The annual cash flow reflects the net after subtracting variable costs from the revenue
generated by unit sales each year. The initial investment is shown in Year 0 as a negative
cash flow, and then a progressive increase in annual cash flow is observed as sales increase.
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Figure 19. Annual cash flow (5 years).

Moving beyond numbers, the intangible benefits of BCI technology are equally com-
pelling. The independence it affords to individuals with physical disabilities is immeasur-
able, enhancing their quality of life and autonomy. A BCI system provides constant support,
promoting self-reliance and emotional well-being, an advantage that cannot be matched by
human assistants. Although the upfront cost is substantial, potential grants and funding
opportunities can alleviate this financial challenge. In sum, the long-term economic and
emotional gains from a BCI system make a strong case for its adoption, transcending mere
financial metrics and profoundly impacting users’ lives.

5.4. Legal and Technical Viability

To assess the legal and technical viability of a BCI project with applications in robotics
and assisted mobility, it is essential to carefully consider the following aspects.

e Intellectual Property Protection:

Patentability of the development is not anticipated, nor is any other type of intellectual
property protection at the moment. After reviewing existing patents, no similar models
have been found, thus avoiding potential litigation for intellectual property infringement.

The possible patents and/or utility models have been reviewed in the European
Patent Office (EPO) and specifically in PATENTSCOPE—Worldwide Inventions within the
alternatives of web patent search engines with the following search parameters [52,53]:

1. Search 1: “Assistive cobot in an electric wheelchair”; 0 results.

2. Search 2: “Assistive cobot in a motorised wheelchair”; 0 results.

3. Search 3: “Motorised wheelchair with integrated robot”; 33 results, nonsimilar.
Figures 20-22 show the result of the search of the patents found in the PATENTSCOPE

browser.
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= WIPO

Home > PATENTSCOPE > Search

FP:("Assistive cobot in an electric wheelchair")

Oresults Offices all Languages en  Stemming true

No results were found to match your search
Try modifying your search criteria

Single Family Member false  Include NPL false

P Portal

Help ¥ English v 1P Portal login

Feedback Search v  Browse ¥  Tools ¥  Settings

SA

)

Figure 20. Results of the 1st search on Patentscope.

= WIPO

Home > PATENTSCOPE > Search

FP:(Assistive cobot in a motorised wheelchair)

Oresults Offices all Languages en  Stemming true

No results were found to match your search
Try modifying your search criteria

Help ¥ English v IP Portal login
Feedback Search v  Browse ¥  Tools ¥  Settings
A
Single Family Member false Include NPL false N

o

Figure 21. Results of the 2nd search on Patentscope.

= WIPO

Home > PATENTSCOPE > Search

FP:(Motorised wheelchair with integrated robot)

41 Oresults Offices all Languages en  Stemming true

No results were found to match your search
Try modifying your search criteria

Single Family Member false  Include NPL false

Help ¥ English v IP Portal login

Feedback Search v  Browse ¥  Tools ¥  Settings

Y

Figure 22. Results of the 3rd search on Patentscope.

6. Discussion

The use of low-cost commercial EEG headbands like Neurosky or Brainlink represents
a significant advancement in the accessibility of BCI technology. These devices, although
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limited in terms of the number of electrodes and precision compared to more advanced
EEG systems, offer a viable solution for applications where portability and cost are critical
factors. The ability of these headbands to capture a range of brain signals, including
Delta, Theta, Alpha, Beta, and Gamma waves, as well as attention and meditation metrics,
makes them suitable for a variety of BCI applications, from device control to monitoring
mental well-being.

Real-time preprocessing and classification of EEG signals are fundamental to the effec-
tiveness of BCI systems. Techniques such as normalization, Fourier transformation, and
wavelet transformation are essential for filtering noise and extracting significant features
from EEG signals. These methods allow for more accurate and efficient classification, crucial
for real-time applications like the control of motorized wheelchairs and cobots. Research in
this field has demonstrated various strategies to improve accuracy and processing speed,
vital for the practical implementation of these technologies.

The integration of systems such as Arduino Mega and Jetson Nano in BCI applications
presents unique opportunities for device control. Arduino Mega, with its ability to handle
multiple inputs and outputs, is ideal for controlling the mechanical aspects of wheelchairs
and cobots. On the other hand, Jetson Nano, with its powerful data processing and machine
learning capabilities, is suitable for real-time analysis of EEG signals. This combination of
hardware allows for a smooth and efficient interaction between the user and the device,
opening new possibilities in assistance for people with disabilities and automation.

In summary, research in the field of brain-computer interfaces using low-cost EEG
headbands and their integration with control systems like Arduino and Jetson Nano shows
great potential. Although there are limitations in terms of precision and processing capacity,
advances in signal processing and classification techniques are opening new avenues for
practical and accessible applications in this field.

7. Conclusions and Futures Work Lines

Research in the field of BCIs using low-cost EEG headbands, such as Neurosky or
Brainlink, focused on reading brain signals from the prefrontal area, has proven to be
promising for a variety of practical applications. These devices, accessible, portable, and
non-invasive, offer a viable solution for capturing brain signals, including a range of brain
waves and attention and meditation metrics, calculated thanks to their own algorithm.
Despite their limitations compared to more advanced EEG systems, these headbands are
sufficient for many BCI applications, especially in contexts where portability, ease of use,
and cost are critical considerations.

Real-time preprocessing and classification of EEG signals are crucial aspects of the
effectiveness of BCI systems. Brain signal processing techniques, such as normalization,
Fourier transformation, and wavelet transformation, play an essential role in improving the
accuracy and efficiency of classification. These methods extract significant features from
EEG signals, which is fundamental for real-time applications, considering that the filtering
stage is carried out in the EEG headband itself thanks to its TGAM device. Research in this
field has provided valuable insights on how to improve the speed and accuracy of signal
processing, which is vital for the practical implementation of BCI technologies.

The integration of systems like Arduino Mega and Jetson Nano in BCI applications
has opened new possibilities for device control. While Arduino Mega is ideal for handling
the mechanical aspects of devices like motorized wheelchairs and cobots, Jetson Nano, with
its data processing and machine learning capabilities, is suitable for real-time analysis of
EEG signals and management of the control environment through ROS and ROS-Neuro.
This combination of hardware facilitates a smooth and efficient interaction between the
user and the device, which is crucial for practical applications in assistance to people with
disabilities and in the automation process.

Regarding the control of motorized wheelchairs, research has shown that the inte-
gration of BCI systems with proportional controls demonstrates the ability to control a
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wheelchair using brain signals, opening new possibilities for people with severe motor
disabilities and offering greater independence and quality of life.

We can affirm after this research that it is theoretically demonstrated that the use
of cobots, such as the open-source model from Niryo, controlled by open-source ROS
platforms (ROS-Neuro) in combination with EEG/BCI systems, represents a promising
area of application. These cobots, adapted to work alongside humans, can be controlled by
brain signals to perform complex tasks, which has significant implications in the industry
and especially in personal assistance.

In conclusion, research in the field of brain—computer interfaces using low-cost EEG
headbands and their integration with control systems like Arduino and Jetson Nano shows
great potential for practical and accessible applications. These developments, as shown
in this publication, not only improve the quality of life of people with neurodegenerative
diseases but also offer new opportunities in automation and the control of physical devices.

While the current research has focused on mobility assistance and robotic control,
future work could explore other potential applications of low-cost BCI systems. This
includes areas such as mental health monitoring, neurofeedback therapy, and integration
with virtual and augmented reality for various educational and entertainment purposes.

By focusing on this area, the field of brain—computer interfaces can continue to evolve,
offering increasingly effective and user-friendly solutions that enhance the lives of indi-
viduals, particularly those with disabilities, and pave the way for innovative applications
across various sectors.
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Abbreviations

The following abbreviations are used in this manuscript:

BCI Brain—-Computer Interface

hBCI Hybrid Brain-Computer Interface
TGAM  ThinkGear ASIC Module

MI Motor Imagery

SSVEP  Steady State Visually Evoked Potential
EEG Electroencephalography

EMG Electromyography

EOG (Electrooculography)

Al Artificial Intelligence

CNNs  Convolutional Neural Networks
RNNs  Recurrent Neural Networks
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LSTM  Long Short-Term Memory

PID Proportional-Integral-Derivative

GPUs  Graphics Processing Units

GPIO  General Purpose In and Out

STL Standard Triangle Language

ISO Internacional Organization for Standardization

Appendix A. Functional and Technical Requirements

In this appendix, you can find the details and additional data associated with the
description of the functional and technical requirements identified in the proposed archi-
tecture and their corresponding justification.

Appendix A.1. Functional Requirements
e  EEG signal capture

Using high-quality EEG headsets ensures a frustration-free experience where the
user’s intentions are correctly translated into actions. This is crucial in terms of ergonomics,
as it reduces the need for extra effort or repeated attempts to perform a task, improving
user comfort and efficiency. In addition, specialized and comfortable hardware minimizes
discomfort during prolonged use, which is especially important for users with disabilities
who may have additional sensitivities or limitations in mobility.

e  Real-time interpretation of EEG signals

Real-time interpretation of EEG signals is vital for a smooth and responsive user
experience. By minimizing latency in the system’s response, users feel they have immediate
and natural control, similar to habitual body movements. This not only increases user
confidence in the system but also enhances intuitive interaction, reducing cognitive load
and improving system ergonomics. Powerful hardware and advanced software enable this
rapid interpretation to make the system more user-friendly and accessible, even for users
with limited technological skills.

e Intuitive control of the robotic arm and wheelchair

Intuitive control of the robotic arm and wheelchair is essential for users with limitations
to be able to operate the system independently and with confidence. A simplified user
interface, designed with ergonomics in mind, facilitates adaptation and learning of the
system, making it accessible even for users with little experience in technology. Integration
with commercial motorized wheelchair joysticks offers a familiar control option, which can
significantly improve comfort and reduce the stress of learning a new system.

e  Safety and stability of movement

Safety and stability in movement are critical aspects for the user’s peace of mind and
confidence. Implementing control systems and safety sensors, such as LiDAR, provides
an additional layer of protection, ensuring that the environment is safe to operate in. This
preventive approach is essential to avoid accidents, which is of utmost importance for users
who may have limited mobility or reduced capacity to react to dangerous situations. The
ergonomics of the safety design ensures that users can enjoy an experience without fear of
injury or damage.

e  Adaptability to Different Users

The adaptability to different users ensures that the system is inclusive and effective
for a wide range of needs and preferences. The system must be usable by patients with
neurodegenerative diseases, reduced mobility, individuals who have suffered spinal cord
injuries, and even those in postoperative stages. This adaptability will be achieved through
machine learning algorithms that adjust to the individual characteristics of each user,
allowing for personalization of the system and enhancing the experience and ergonomics.
This means that the system is not only easier to use but also adapts to the specific ergonomic
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needs of each individual, resulting in a more comfortable and effective experience. Precise
and personalized adaptation is key to ensuring that all users, regardless of their abilities or
limitations, can interact with the system effectively and comfortably.

e  Control of the Wheelchair’s Movements

The chair must perform at least the four basic movements necessary to consider the
preset movements in the four basic directions and combinations of these basic movements.
These directions can be associated with specific values of the Alpha signal, as seen in the
study, where controlled variations of the Alpha signal allow a user to select the direction
they wish to move. In our case, the selection of the wheelchair’s movement takes as a
reference more than one signal, even the values of attention and meditation resulting from
the calculation algorithm performed by the headband itself [12].

e Integration of the System with Commercial Chairs

The system must be able to integrate with commercial chairs, allowing future users to
adapt the motorized chair they have. The adaptation must be possible regardless of the
brand and model of the chair, always seeking maximum compatibility with the existing
chairs and control forms in the market.

e  Portability and Low Weight (<100 g)

A necessary condition to improve the usability of the system. The headband or
headbands must be light enough and comfortable for the user to sustain continuous use for
at least 3 h, as indicated in the subsequent technical requirements. The maximum bearable
weight has been set at 100 g, in line with the weights observed in other wearables with
approximate values of 100 g as the maximum weight.

e EEG/ECG Signal Quality Analysis

To verify the correct functioning of the device, the headband must have its own signal
that analyzes the quality of the signal. This way, it can even determine if the user is wearing
the headband or not. This value will determine that the system is in use and will avoid
unwanted signals and, therefore, unwanted or involuntary movements. This creates an
extra layer of safety.

e  Commercial Wireless Headbands

Maintaining the same philosophy in usage ergonomics, it is proposed to use com-
mercial devices that send the collected data of brain activity wirelessly, facilitating their
portability and interconnection with other devices without the need for cables that hinder
the user experience.

e  Preset Routines in the Actions of the Robot and Robot + Chair

Given the anticipated need for repeated actions over time, which we might consider
typical actions, it becomes necessary to predefine certain types of actions that facilitate the
control and adaptation of the user to the new tool.

Appendix A.2. Technical Requirements
e  Effective Integration of BCI with Chair + Robot

The effective integration of BCIs with wheelchair and robotic arm systems is crucial
for smooth and accurate communication between the user and the device. This is achieved
through standard communication protocols such as Bluetooth or Wi-Fi for wireless commu-
nication and serial communication for bidirectional communication between control boards,
adapting to the latency and range requirements of each device. Software compatibility is
also essential and might involve the use of open APIs (Application Programming Interfaces)
or middleware software that allows the integration of various devices and platforms. For
instance, the use of ROS is ideal for the integration of different hardware and software
modules, providing a flexible and scalable platform for robotic device control.
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e  Efficient EEG Data Processing (t < 1s)

To minimize latency and maximize accuracy in EEG data processing, it is crucial
to have optimized hardware. Platforms like NVIDIA Jetson or Raspberry Pi equipped
with powerful processors and GPUs (Graphics Processing Units) may be suitable for
this purpose. These devices can run complex signal processing and machine learning
algorithms, such as CNNs, in real time. Optimizing power consumption is also a crucial
aspect, which can be achieved through efficient programming techniques and the selection
of low-power components.

e  Real-time Interpretation of EEG Signals

For effective real-time interpretation, high-performance processors, and GPUs capable
of executing sophisticated algorithms, like CNNs, which can rapidly identify patterns in
EEG data, are used. An example of this could be the use of platforms like NVIDIA Jetson,
offering Al processing capabilities in compact, energy-efficient devices. Additionally, select-
ing appropriate algorithms is crucial; for instance, real-time machine learning algorithms
must be optimized to ensure there are no significant delays in signal interpretation.

A significant technical challenge is to minimize noise and interference in the EEG
signal, which can be achieved through digital filtering techniques and signal amplification.
System calibration for each user is also essential, involving adjusting the algorithms to
synchronize correctly with the individual brain signals of the user. This requires a machine
learning process that can adapt to variations in EEG signals between different users.

In terms of software, operating systems and development frameworks that can effi-
ciently handle real-time data input and facilitate integration with other system components,
such as user interfaces and device control systems, are needed. Here, technologies like
ROS can play a crucial role, providing a platform for integrating signal processing with
real-time control actions.

In summary, real-time interpretation of EEG signals is an advanced technical re-
quirement that combines specialized hardware, sophisticated algorithms, and integrated
software design. Its success depends on the accuracy, speed, and adaptability of the system,
factors that are essential for providing a smooth and effective user experience, especially
for those who rely on these technologies to interact with the world around them.

e  Robust Control System for Robotic Arm and Wheelchair

To ensure precise and safe movements, a robust control system comprising advanced
algorithms and reliable hardware components is required. Predictive control algorithms,
such as PID (Proportional-Integral-Derivative) controllers, can be used for finely tuning
the movements of the robotic arm and wheelchair. Moreover, implementing predefined
trajectories for common operations can simplify user interaction and enhance system
efficiency. Regarding hardware, high-precision stepper motors and sensors like gyroscopes
and accelerometers can be used to improve the precision and stability of movement.

e  Accessible and User-Friendly Interface

Developing an accessible and user-friendly interface is crucial for the user experience.
This could involve using advanced graphical interface technologies and comprehensive
usability testing. The interfaces should be intuitive and tailored to the user’s needs, possibly
incorporating elements of universal design to ensure accessibility. For example, the use
of large icons and contrasting colours can aid users with limited vision. Additionally,
implementing tactile or auditory feedback can enhance interaction for users with different
capabilities, providing a valuable UX (User Experience) measure to adjust the overall
functioning of the system.

e  User Feedback System

An effective feedback system is essential for keeping the user informed about the
system’s status. This can be achieved through visual or auditory feedback devices, such
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as LCD screens or speakers. The information provided should be clear and easily under-
standable, using visual or auditory indicators to alert about the system status or potential
errors. This improves the user experience and contributes to the safety and efficiency
of the system.

e Integration with Commercial Motorized Wheelchairs

Compatibility with existing motorized wheelchair systems is an important aspect of en-
suring the broad applicability of the system. This may include the development of adapters
and interface software that allow integration with commercial joysticks. Mechanical and
electrical integration of the system must also be considered.

e Usage Autonomy (>3 h)

One of the key points in terms of the system’s usability is its energy aspect; hence, a
minimum target usage time of 3 h has been set as the energy threshold for the system to
be viable, both for the headband and the wheelchair, which will be the limiting aspects
of the system.

e  Multi-platform Headband Support, Windows, Apple, Linux, Android

Connectivity between systems must be ensured, given the need for integration of
different elements with various architectures and connectivity modes. We must have multi-
platform systems. In our case, we focus on the EEG headband, as it is the key element in
data collection, which is fundamental for the operation of our development. Additionally,
the ability to connect headbands with mobile devices allows for extra verification in signal
collection.

e  Low Integration Cost (<EUR 1500)

The cost of the system, excluding the motorized chair, which in many cases the
user already possesses for daily use, should allow for integration at a reasonable cost,
understood as a cost not exceeding EUR 1500, including all necessary devices: headband,
controller, and robot, as well as integration into the chair and possible modifications for
this integration. In the case of needing a specific motorized chair, it will depend on the
necessary needs and usage characteristics, not evaluating this part due to the numerous
varieties of commercial chairs available.

e  Compliance with Applicable Regulations

All current regulations applicable to this type of device must be complied with. As
these are elements used by people, the regulations applicable must be followed, not only
because of the type of device but also due to its use and target audience.

Appendix B. Comparative Result on the Fulfillment of Functional and Technical
Requirements with Other Works

Appendix B.1. Functional Requirements

Compliance with the functional requirements is then determined for each identified
reference.
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This tables provides a more detailed overview of how each study addresses the func-
tional requirements established, providing a justification for compliance or non-compliance
with each.

Appendix B.2. Technical Requirements
Detailed table including justifications for each of the technical requirements to be

compared.
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This table provides a detailed overview of how each study addresses the technical
requirements set, providing a justification for compliance or non-compliance with each.

Appendix C. Compliance with the Functional Requirements
We will now detail each of the requirements and their degree of compliance.

Appendix C.1. EEG Signals Capture

NeuroSky’s EEG biosensor digitizes and amplifies raw analog brain signals to deliver
concise inputs to games, toys, and devices running health and wellness, educational, and
research applications. Our brainwave algorithms, developed by NeuroSky neuroscientists
and our partner research institutions, have revealed many new ways to interact with our
world [54].

Appendix C.2. Real-Time Interpretation of EEG Signals

For the real-time interpretation of EEG signals, generic ROS modules are used for
data capture and transmission, such as rosbag for recording sensor data and topic_tools for
transforming and filtering data streams in real time. Integration with Python libraries for
signal processing and machine learning (such as TensorFlow or PyTorch) is essential to
implement and run LSTM or GRU models on EEG data.

Appendix C.3. Intuitive Control of the Robotic Arm and Wheelchair

The key to achieving intuitive control of the robotic arm and wheelchair through ROS
lies in the system’s ability to seamlessly integrate BCI signals with mechanical control
commands. The moveit module in ROS, for example, enables advanced planning and
simulation of robotic arm movements, facilitating the creation of movement trajectories
that mimic natural human movements. This means that commands derived from EEG
signals can be translated into movements that are intuitively understood and expected by
the user, like reaching for an object or moving the wheelchair in a particular direction.

For the wheelchair, the use of nav_stack in ROS allows for the implementation of
autonomous and assisted navigation systems. This module can process BCI commands
and translate them into smooth and predictable wheelchair movements, adapting to envi-
ronments and avoiding obstacles, resulting in a navigation experience that feels natural
and easy to control for the user.

Appendix C.4. Safety and Stability in Movement

For safety and stability, ROS offers modules like diagnostic_aggregator, which collects
and analyzes diagnostic data from various sensors and actuators, and #f for managing space
transformations between different system components. These modules help continuously
monitor the system’s status and ensure that movements are performed within established
safety parameters.

Appendix C.5. Adaptability to Different Users

The headbands have been used with a sample of five different users of varying sex
and age ranges, with no notable difficulties in reading data. Additionally, the prefrontal
cortex is associated with higher cognitive functions such as decision making, planning, and
attention. These functions are often preserved in many neurodegenerative diseases and
spinal injuries, allowing patients to use these capabilities to interact with a BCI system.

In diseases like ALS (Amyotrophic Lateral Sclerosis), although motor function is
severely affected, cognitive function, including operations in the prefrontal cortex, often
remains intact [4].

Different neurodegenerative diseases affect different areas of the brain. For example,
Alzheimer’s disease mainly affects memory and cognitive processing, while ALS affects
motor function.
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The location for EEG data reading should be selected based on the brain areas least
likely to be affected by the user’s specific disease. In many cases, the prefrontal cortex
remains functional even when other areas, such as motor areas, are compromised.

Finally, placing electrodes in the prefrontal region is relatively easy and comfortable for
the user. This accessibility is crucial for systems designed for prolonged or everyday use.

Appendix C.6. Control of Chair Movements

The control of wheelchair movements in the four main directions—forward, backward,
left, and right—and their combinations through a BCI relies on advanced interpretation of
EEG signals. By using machine learning algorithms such as LSTM or GRU networks, real-
time analysis of brain signals is performed to map them into specific movement commands.
This technology allows for precise translation of the user’s intentions into concrete actions.
Integrated actuation systems within the wheelchair, managed by advanced control soft-
ware, possibly based on ROS, dynamically respond to these commands, enabling smooth
movements in multiple directions [55]. To ensure safety and reliability, the wheelchair
is equipped with obstacle detection systems and safety protocols that allow for quick
responses to changes in the environment and provide safe operation. This approach not
only enhances user autonomy and mobility but also ensures an optimal level of safety and
comfort, reflecting a significant advancement in personalized and technological assistance
for individuals with mobility limitations.

Appendix C.7. Portability and Light Weight (<100 )

In the following Table A1, we can see how either of the two selected devices comply
with the weight restrictions in order to guarantee the perfect usability and user experience
that have been defined in the functional requirements tables.

Table Al. Headband weight.

Neurosky Mindwave Mobile 2 Macrotellect Brainlink Lite

Physical

Net Weight (g): 39
Weight: 90 g et Weight (g)

Appendix C.8. EEG/ECG Signal Quality Analysis

As can be seen in Table A2, obtained from the manufacturers’ datasheets, both devices
have an indicator and a value called “Signal quality”.

Table A2. Signal quality control.

Neurosky Mindwave Mobile 2 Macrotellect Brainlink Lite
Can be used to detect poor contact and Can be used to detect poor contact and
whether the device is off the head. whether the device is off the head.

Appendix C.9. Commercial Wireless Headsets

As can be seen from the datasheets of the two headsets, both meet the requirements
for wireless systems Table A3.
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Table A3. Wireless headsets.

Neurosky Mindwave Mobile 2 Macrotellect Brainlink Lite
Bluetooth Transfer Method: Bluetooth
BT/BLE dual mode module Transmission Range (m): <10 m
-BT(SPP) for PC, Mac, Android Baud Rate: 57,600
-BLE(GATT) for iOS Bluetooth Compatibility:
BT Range: 10 m range Bluetooth 2.0, Bluetooth3.0,

Bluetooth 4.0 mobile device

Preset routines in robot and robot + chair actions.

To implement preset routines in the robot actions and the robot + wheelchair combi-
nation, the capabilities of ROS in terms of motion planning and task sequencing are used.
The functional justification for this approach is based on several key ROS components and
design considerations.

Appendix C.10. Motion Planning and Task Sequencing

Use of the moveit module in ROS: moveit is a widely used ROS package for robot
arm motion planning. It allows the definition of preset routines by configuring specific
trajectories and articulation points. This is essential for programming complex robot
movements efficiently and accurately.

Implementation of actionlib: actionlib is another package in ROS that is used for the
execution of long-running tasks, such as moving the wheelchair from one point to another.
It allows for defining pre-configured actions and monitoring their progress, which is crucial
to ensure that tasks are performed as intended.

User Interface and Routine Selection: Integration of a user interface with the BCI
system allows users to select and activate preset routines. This is performed by specific
commands interpreted by the BCI, which then activate the corresponding routines in the
robot or in the robot + wheelchair system [56].

The preset routines are customized according to the user’s needs and preferences. This
includes adjusting the speed, range of motion, and navigation patterns for the wheelchair,
which increases functionality and user comfort.

Appendix C.11. Security and Efficiency

Using packages such as diagnostic_aggregator and tf, ROS provides a real-time monitor-
ing system to ensure safety during the execution of routines. Protocols can be implemented
to detect and respond to unforeseen or dangerous situations.

Optimization of Routes and Movements: Advanced motion planning in ROS allows
the optimization of robot routes and actions to maximize efficiency and minimize wear
and tear.

In short, the implementation of preset routines in robot actions and the robot +
wheelchair system through ROS facilitates precise, customizable, and safe control. This
significantly improves the user experience, providing a smooth and efficient interaction
with the assisted system.

Appendix D. Compliance of the Technical Requirements

We will now detail each of the requirements and their degree of compliance regarding
technical issues.
o  Effective Integration of BCI with Wheelchair + Robot

In this context, ROS acts as the central nexus, coordinating communication between
the BCI and the wheelchair and robot systems. The BCI data, processed by LSTM or GRU
networks, is translated into specific commands that are sent via ROS to the actuators of the
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robot and wheelchair. The modularity and scalability provided by ROS are fundamental
to ensuring fluid and precise interaction between the brain—-computer interface and the
mechanical systems. Additionally, ROS facilitates the integration of safety and feedback
systems, which is essential for reliable and safe control of assisted devices [55].

At this point, a specific node has been identified within the ROS ecosystem, known
as ROS-Neuro, which plays a crucial role in this integration. ROS-Neuro specializes in
interacting with BCls, processing and translating EEG signals into useful commands for
the system. This node is used as an alternative method to validate the compatibility and
effectiveness of the Neurosky Mindwave and Macrotellect Brainlink Lite headsets, which
were not originally evaluated with this node. The implementation and testing of ROS-
Neuro, especially on a Jetson Nano board, presents a unique challenge since the ROS-Neuro
node has not been evaluated in embedded applications on this type of board. Therefore, this
provides an opportunity to validate and potentially optimize its functionality with these
specific BCI devices and on the Jetson Nano platform [57]. This approach will not only allow
the validation of the mentioned BCI devices in a new environment but will also contribute
to the robustness and versatility of the ROS-Neuro node in assistive applications [58].

o Efficient EEG data processing (t < 1)

As we can see in Table A4, the data sending rate is less than 1 s, as shown by the
“Timestamp” values of the time series of data captured by the EEG headsets. Therefore, the
data are processed within the specified time ranges.

Table A4. Real data sample.

Timestamp  Atten. Medit. Delta Theta L.Alpha H.Alpha L.Beta H.Beta L.Gamma H.Gamma  Signal Key

54,127 * 84 48 25,253 14,225 3441 4172 1881 9630 6863 5745 0 Lbutton **
55,056 78 60 4946 5021 8879 13,002 879 6367 4314 3150 0 None **
56,038 66 75 102,896 14,838 12,817 8565 2890 14,525 9144 23,072 0 None
61,562 51 53 48,239 10,965 5537 6266 2181 4752 5345 2222 0 None
62,073 77 44 53,758 17,563 965 4051 3750 10,528 8904 3930 0 None
63,114 77 44 1,284,256 316,379 87,065 44,605 12,994 13,046 16,701 5478 26 None
64,012 77 44 2,713,787 64,145 9239 39,990 6864 27,507 8148 1871 51 None
65,001 67 47 277,597 21,746 1657 8398 3804 10,485 4459 2230 0 Up **
66,047 54 63 7216 7222 9248 4495 4986 5293 1906 1921 0 Up
67,017 66 48 3799 7718 1745 1698 2233 8488 2545 1782 0 Up

* Time values in [ms]. ** Values labeled for classification.

Following the order defined in the functional requirements table, which matches
the temporal requirement of the process, we can see in Figure 3 that the signals taken
from a subject of an initial sample of six using the Brainlink headband meet the requested
specifications, both for the functional and technical parts. The signals are well defined
and structured without gaps in the sample and with coherent values for the attention and
meditation data that the headband itself calculates, thanks to its embedded algorithm in
the TGAM [59]. It can also be observed that the filtering process and elimination of noise
and artifacts, understanding artifacts as the involuntary movements of the subject, which
in many cases alter and/or modify the signals obtained by the headband, is correct and
falls within the expected values.

o  Real-Time Interpretation of EEG Signals

Real-time interpretation of EEG signals is achieved using recurrent neural networks,
such as LSTM or GRU, which are highly effective at processing sequential, temporal data,
such as the EEGs obtained from the headsets [35]. These networks have the capability to re-
member past information, which is crucial for interpreting EEG signals that vary over time.
This allows quick and accurate real-time classification of signals, essential for applications
requiring immediate responses, such as assisted device control. The architecture of these
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networks is specially designed to handle the inherent complexities of EEG data, such as
variations in amplitude and frequency, ensuring reliable and continuous interpretation.

¢  Robust Control System for Robotic Arm and Wheelchair

The control system for the robotic arm and wheelchair greatly benefits from the
precision and adaptability of LSTM or GRU networks. These networks can learn and
differentiate between a wide range of EEG signal patterns, allowing for detailed and
personalized control [60]. The robustness of the system stems from these networks” ability
to handle noisy signals and individual variations in EEG patterns, ensuring consistent and
precise control. Furthermore, the learning and adaptation capabilities of these networks
mean the system can improve with use, adjusting to the particularities of the user’s EEG
signals, which is crucial for sensitive applications such as controlling a robotic arm or
a wheelchair.

An LSTM network is a form of RNN designed to handle long-term dependencies in
sequential data. Each LSTM cell has the ability to maintain or discard information using
structures called gates [61]. These gates are essentially neural network layers that decide
what information is relevant to keep or discard during learning.

In the context of controlling a robotic arm or a wheelchair, the EEG signals would be
the inputs to the LSTM network. These signals would be processed sequentially, with the
network updating its internal state based on the incoming signals and its own past state.
The output of the network at each time step could be interpreted as a command or a series
of commands for the device.

For instance, if a particular sequence of EEG signals is associated with moving forward,
the LSTM network, after being trained on these signals, would learn to associate these
sequences with the corresponding activation to move the wheelchair forward [54].

This process allows for fine and adaptive control, as the network can learn and respond
to the user’s specific signals, which is crucial for creating a robust and personalized control
system for assistive applications.

Appendix D.1. Application in Robotic Arm and Wheelchair Control

In the context of controlling a robotic arm or a wheelchair, the EEG signals would be
the inputs to the LSTM network. These signals would be processed sequentially, with the
network updating its internal state based on the incoming signals and its own past state.
The output of the network at each time step could be interpreted as a command or a series
of commands for the device.

e  Accessible and User-friendly Interface

The accessibility and friendliness of the user interface are based on the implementation
of universal design principles, ensuring that the interface is understandable and usable
by people with a wide range of abilities and experiences. This includes the use of clear
iconography, legible text, and contrasting colours for easy visual interpretation. The
interface will also incorporate adaptive controls, which can be configured according to
the specific needs of the user, such as sensitivity adjustments or customization of input
methods, which are crucial for users with motor or cognitive limitations.

Moreover, simplicity in interface design is a priority [62]. This means minimizing
visual and functional complexity and avoiding overwhelming the user with unnecessary
options or confusing information. Navigation will be intuitive, focusing on easy access to
the most important functions. This is achieved through a clear hierarchy of menus and
the implementation of step-by-step setup assistants, guiding the user in customizing the
system according to their preferences and needs.

Finally, the interface will offer interactive tutorials and integrated support, particularly
useful for users who may be new to technology or require additional guidance.

o  User Feedback System
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The feedback system is a critical component for enhancing the user’s interaction
with the system. It will provide visual and tactile responses to inform the user that their
commands have been received and executed correctly. This is especially important in
assistive applications, where the user must have confidence in the system. Tactile feedback
can be particularly useful for users with visual or auditory limitations [63]. Additionally, the
feedback system can include adaptive learning elements, where the user receives feedback
on how to improve the effectiveness of their commands, increasing the efficiency and
satisfaction of the user with the system over time.

o Integration with Commercial Motorized Wheelchairs

We can propose two paths for system integration: firstly, targeting the control of the
wheelchair’s joystick movement by sending parallel information to the controller or, as a
second option, directly sending control signals over the motor regulator (driver) if they
allow this type of actuation with external signals. Given the wide range of motorized
wheelchairs and manufacturers, the system’s universality must be ensured for integration.
To address the integration of a ROS-based control system with commercial wheelchairs,
it is crucial to consider both mechanical and electrical aspects. This integration involves
adapting hardware and software to ensure smooth interaction between the BCI-ROS system
and the wheelchair.

Some of the world’s leading manufacturers of power wheelchairs are Quirumed, Orto-
pedia ITOMI, Karma Mobility, and Sunrise Medical. These manufacturers offer a variety of
power wheelchairs, including compact, foldable, lightweight models with various func-
tionalities [64—-66]. For example, Quirumed and Ortopedia ITOMI offer power wheelchairs
at factory prices, while Karma Mobility specializes in top-quality manual and power
wheelchairs [64,66,67]. The MARTINIKA EVO power wheelchair, offered by Ortopedia
Silvio, is another example of a comfortable, foldable, and easy-to-manage model [68].

Sunrise Medical manufactures a variety of power wheelchairs under its Magic Mobility
and Quickie brands [69]. Some of the models include the following:

Appendix D.2. Magic Mobility

X8 Extreme 4 x 4: An all-terrain power wheelchair that adapts to difficult terrain such
as sand, snow, and unpaved roads.

Appendix D.3. Quickie

Sedeo Pro: A high-end standing wheelchair with front-wheel drive and a multi-
position seating system.

F35: An economical, detachable model, made in Spain, with 50 amp batteries that offer
great autonomy.

Appendix D.4. Mechanical Integration

Mechanically, adaptation generally requires installing additional actuators and sensors
compatible with ROS. These may include stepper motors or servo motors for motion control
and sensors like optical encoders for position feedback. Mechanical integration should
consider the following:

Mounting Compatibility: Ensure that new mechanical components can be mounted
on the wheelchair without affecting its basic functionality.

Load Capacity: Assess whether the chair can support the weight and additional strain
of the new components.

Modular Design: Prefer solutions that can be adapted to different wheelchair models.

This integration implies the ability to make modifications to the robot itself. Therefore,
the choice has been an open-source robot that allows these modifications. Niryo, in its
One model, provides not only the source of the design files and STL files necessary for the
printing process but also facilitates the entire breakdown of assembly and adjustment of
the robot. Thus, redesigning the support pieces is feasible. In Figure A1, we can appreciate
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the breakdown of the base parts of the robot (Figure A2), allowing in a simple design phase
to redesign a base for adjustment to the chair and then proceed to its printing. This process
facilitates the integration, adjustment, and maintenance of the robot, adapting the robot to
the chair and not the chair to the robot, gaining versatility and integration.

Figure A1. Robot base (STL format).

Stepl : Assembling Base

Name Number =) Bearing 3x10x4 mm 3
Bearing 8x22x7 mm 1
Base 1
— ~
(%] M3 Brake Nut 2
Air Routing 3 ' d Screw M3 x 10 mm 1
/ Screw M3 x 15 mm 5
Belt tensioner 1 _
6 Gear GT2 1
L)
Base Bearing
1
Support
Fan 8
Switch 1
Niryo Motor Orange 1

MNIRY O

Robotics for Everyone

Figure A2. Assembling base.

Appendix D.5. Electrical Integration

Electrical integration involves connecting the ROS-based control system to the wheelchair’s
electronics. This may include the following;:

Interface with the Wheelchair Controller: Many commercial wheelchairs have their
own controllers. A module like ros_serial can be used to establish communication between
the ROS system and these controllers.

Power Supply Adaptation: Ensure that the wheelchair’s power supply can handle the
additional load of the new electronic components.
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Electrical Safety: Implement safety measures to protect both the electronic system and
the user, including fuses, emergency switches, and adequate insulation.

Appendix D.6. General Considerations

Software Interoperability: Use ROS to develop custom controllers that can interact
with the existing hardware in the wheelchair. This may involve developing specific ROS
nodes that communicate with the wheelchair’s protocols.

Scientific Publications and Regulations: Consult the relevant literature and safety
regulations to ensure that the integration complies with safety and accessibility standards.
This includes following IEEE guidelines in robotics and assistive systems.

In conclusion, the effective integration of a BCI-ROS system with commercial wheelchairs
is a multidisciplinary process that requires attention to mechanical and electrical compati-
bility, such as ROS-Neuro, as well as the development of custom software and adherence
to safety regulations [70].

e  Usage Autonomy (>3 h)

In this aspect, two elements need to be evaluated: the headband, which has its own
energy system, rechargeable or not, and the mechanical elements, in this case, the robot,
wheelchair, and controller, looking for the most limiting factor as the maximum operational
value of the system.

According to the datasheets of the headbands, we find that in the case of Neurosky, its
headband has an estimated duration of 9 h as it relies on a non-rechargeable AAA battery.
Our other headband model, Brainlink Lite by Macrotellect, has a small rechargeable lithium
battery but with a maximum duration of 180 min. For wheelchairs, the usage and type of
battery vary, with the following ranges of use. (Source: www.onlinemedical.es/ (accessed
on 26 December 2023.))

1. Lithium batteries 20 Ah—4 kg—maximum autonomy 25 km.
2. Gel/AGM batteries 12 Ah—10 kg—maximum autonomy 16 km.
3.  Gel/AGM batteries 20 Ah—17 kg—maximum autonomy 20 km.

Considering that, by regulation, a wheelchair cannot exceed 6 km/h for an average
value of use and a 20 AH gel/AGM battery with a maximum autonomy of 20 km, we
can perform a simple calculation in Equations (A1) and (A2) to determine the maximum
usage time.

20 K
T=—+ " 333 h. max autonomy; (A1)
65
20 Ah

Expected consumption: C = 6A (A2)

333h

Furthermore, the power consumption of the control unit and the robot must be con-
sidered. Since they do not have their own power supply system, they will need to be
connected to the wheelchair’s battery for operation.

Considering the maximum consumption forecast according to the manufacturers of
the controller and the robot, the maximum consumption of the Jetson Nano is between 5
and 10 watts, depending on the power mode, either by USB (5 V/2 Amp) or by DC jack.
For the Niryo robot, the consumption is like that of the Jetson Nano controller, about 10 W,
also with a power supply of 5 V/2 Amp for the Arduino Mega system. Therefore, the sum
of the two consumptions, applying a high simultaneity coefficient of 80%, we can calculate
a consumption of 4 amperes at 5 volts, which makes a total of 20 w x 0.8 =16 w/h.

In any case, given the low consumption of these devices, it would also be possible to
use a power bank like those used by mobile devices that provide this rate of energy.

e  Multi-platform headset support, Windows, Apple, Linux, Android

Accessing the data supplied by the manufacturers Neurosky and Macrotellect, we
can find that in both cases, the two selected models, Neurosky Mindwave Mobile 2 and
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Macrotellect Brainlink lite, support all the required platforms. An extract of the data
obtained from the manufacturer’s website is given in Tables A5 and A6, below [71,72].

Table A5. Multi-platform compatibility.

Neurosky Mindwave Mobile 2 Macrotellect Brainlink Lite

Supported platforms: Windows (XP/7/8/10), Mac (OSX 10.8 or ~ Compatibility: iOS/Android
later), iOS (iOS 8 or later), and Android (Android 2.3 or later) With other SDK platforms

e Low integration costs (<EUR 1500)

To complete this requirement, we assume, as stated in the definition of the requirement,
that we do not consider the value of the motorized wheelchair.
Table A6 gives a breakdown of the cost scale.

Table Aé6. Cost scenario.

Devices Total Cost Vat Incl. Store
Headband Neurosky Mindwave Mobile 2 EUR 169.90 (Op1) Amazon
Headband Macrotellect Brainlink Lite EUR 239.00 (Op2) Mindtecstore
Jetson Nano Developer Kit EUR 194.96 RS-online
Ardino Mega + Shield Ramps 1.4 EUR 51.40 Bricogeek
5 drivers TMC 2208 EUR 22.99 Amazon
Robot Niryo One (Open Source) EUR 450.00 DIy
. EUR 889.25 (Op1)
Material Total Cost EUR 95835 (Op2)

The cost breakdown determines that both options fall within the projected cost limit.
It should be noted that this does not include the costs related to personnel or develop-
ment, whose allocation will depend on the potential monetization of the finished prod-
uct/development.

e  Compliance with Applicable Regulations

In this section, it has been verified that all devices comply with all applicable regula-
tions, detailing the standards applicable to each device.

Firstly, although not a limiting factor of this study, as we largely depend on the
commercial wheelchair available to the user, we will address the motorized wheelchair
and its regulations. For this purpose, we consulted with the certification entity TUV
Rheinland [73], which indicates that motorized or electric wheelchairs, as they are also
known, must undergo the following certification for approval as a medical product. In our
case, what we do is integrate with an already certified chair, so not all these certifications
will be applicable to us. The selection of partial certification will depend on the degree of
modification and the criteria of the certifying entity.

Table A7 shows the regulations applicable to powered wheelchairs, as well as the
recommended certifications for their commercialization.

The next element susceptible to standardization is the Niryo robot, which, in this case,
will be subject to the following standards Table A8. UNE Safety Standards in the Robots
Sector, which have been extracted from the normative presentation made by AENOR on 28
April 2017 by Mr. Francisco Arribas from the Directorate of Standardization [85].

In our case, due to the use of the robot, we can consider that we are subject to the
UNE-EN ISO 13482:2014 standard as it is a personal assistance robot. However, with the
latest considerations of COBOTS or Collaborative Robots brought by Industry 4.0, we must
consider the following standards in Table A9.
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Table A7. Applicable standards for testing of wheelchairs and powered scooters for disabled people.

Standard

Description

1SO 7176 [74]

EN 12182 [75]
EN 12183 [76]
EN 12184 [77]

ISO 7176-14 [78]

IEC 60601-1 [79]

ISO 7176-21 [80] and
IEC 60601-1-2 [79]

I1SO 7176-19 [81]
EN 1021 [82]
Cadmium and PAH

Proposals

Mechanical tests for compliance with various sections of the
ISO 7176 series of standards describing different test methods for
wheelchairs and electric scooters

Assistive products for persons with disability—General
requirements and test methods

Manual wheelchairs—requirements and test methods
Electrically powered wheelchairs, scooters, and their
chargers—requirements and test methods

Power and control systems for electrically powered wheelchairs
and scooters. Requirements and test methods

Electrical safety tests in accordance with standards describing
general safety of electrical medical devices Requirements and test
methods

Electromagnetic compatibility (EMC). Requirements and test
methods

Impact test. Requirements and test methods

Fire resistance tests

Tests based on European standards

In addition to these specific standards for wheelchairs and electric
scooters, it is also recommended to carry out quality management
system certification according to ISO 13485 [83] and /or ISO 9001
[84] standards

Table A8. Applicable standards for robots and robotic devices.

Standard

Description

UNE-EN ISO 10218-1:2012 [86]

UNE-EN ISO 10218-2:2011 [87]

UNE-EN ISO 13482:2014 [88]

Robots and robotic devices. Safety requirements for
industrial robots. Part 1: Robots. (ISO 10218-1:2011)
Robots and robotic devices. Safety requirements for

industrial robots. Part 2: Robot systems and integration.
(ISO 10218-2:2011)

Robots and robotic devices. Safety requirements for

non-industrial robots. Non-medical personal assistance
robots. (ISO 13482:2014)

Table A9. ISO/TS 15066:2016 robots and robotic devices—collaborative robots.

Standard

Description

ISO/TS 15066:2016 [89]

ISO/TS 15066:2016 [89]

Specifies safety requirements for collaborative industrial robot
systems and the work environment and supplements the
requirements and guidance on collaborative industrial robot
operation given in ISO 10218-1 and ISO 10218-2

Applies to industrial robot systems as described in ISO 10218-1
and ISO 10218-2. It does not apply to non-industrial robots,
although the safety principles presented can be useful to other
areas of robotics

The next item, we analyse is the NVIDIA Jetson Nano control device, which, as an
electronic device, must comply with the Declaration of Conformity with the RoHS Directive.
Compliance with this directive is described in the following link, provided by an authorized

distributor [90].



Electronics 2024, 13, 1013 50 of 54

Lastly, but no less important, is the regulation applicable to headbands, which is
shown in the following Table A10.

Table A10. Applicable regulations.

Neurosky Mindwave Mobile 2 Macrotellect Brainlink Lite

Safety Certification Bluetooth SIG
FCC/CE/SRRC/ROHS
UNB38.3 Lithium Battery

Apple Made for iOS (MFi)
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