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Universitat Politècnica de Catalunya
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Abstract

Cerebral Palsy (CP) is a neurological condition that can a�ect muscle movement, coor-
dination, stability, vision, voice and hearing in individuals. People with disabilities face
daily challenges, one of the most signi�cant being their independent mobility.

There are currently several models of electric wheelchairs on the market that can be
operated by people using a single adaptive control. However, these often come with a
high economic cost.

The model of electric wheelchair created uses di�erent types of adaptive controls, such
as sight control, angular movement control, and voice control. Being a multi-parametric
chair, it adapts to the individual needs and capabilities of users, as the symptoms of
Cerebral Palsy can vary widely, making a single control method insu�cient.

The wheelchair is controlled by the Grid3 software, compatible with most operating sys-
tems and commonly used for people with disabilities. Through an intuitive user interface,
it allows users to select the adaptive control they wish to use, as well as the speed at
which they wish to move. In addition, the chair incorporates an obstacle detection system
that uses ultrasound sensors and depth cameras to avoid collisions and thus reduce the
risk when moving.

This project has developed various adaptive and obstacle detection controls that can be
cost-e�ectively integrated into any model of electric wheelchair. Thus letting the project
become a platform that allows for future changes or improvements. This will expand
the number of people with various disabilities who can bene�t from advanced mobility
technologies, without facing the economic barriers that often limit their access to these
solutions.

Adaptive controls were successfully implemented, signi�cantly improving users' mobility
and autonomy. However, the obstacle detection system is left open to future improvements
to achieve fully automatic control, which would further increase the safety and e�ciency
of the wheelchair.
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Resumen

La Par�alisis Cerebral (PC) es una condici�on neurol�ogica, que puede afectar tanto al
movimiento muscular, como a la coordinaci�on, estabilidad, visi�on, voz y audici�on de las
personas que la padecen. Las personas con discapacidad se enfrentan a desaf��os diarios,
entre los que destaca su movilidad independiente.

En el mercado existen actualmente diversos modelos de sillas de ruedas el�ectricas que
pueden ser manejadas por personas utilizando un �unico control adaptativo y, adem�as,
tienen un elevado coste econ�omico.

El modelo de silla de ruedas el�ectrica creado utiliza diferentes tipos de controles adap-
tativos, como el control por vista, por movimiento angular y por voz. Adem�as, al ser
una silla multiparam�etrica, se adapta a las necesidades y capacidades individuales de los
usuarios, ya que los s��ntomas de la Par�alisis Cerebral pueden variar, haciendo que un
�unico control sea insu�ciente.

El control de la silla de ruedas se realiza mediante el software Grid3, compatible con
la mayor��a los sistemas operativos y utilizado com�unmente para personas con discapaci-
dad. A trav�es de una interfaz de usuario intuitiva, permite a los usuarios seleccionar el
control adaptativo que deseen utilizar, as�� como la velocidad con la que desean moverse.
Adem�as, la silla incorpora un sistema de detecci�on de obst�aculos que utiliza sensores de
ultrasonido y c�amaras de profundidad para evitar colisiones y reducir as�� el riesgo en los
desplazamientos.

En este proyecto se han desarrollado diversos controles adaptativos y de detecci�on de
obst�aculos que se puedan integrar de forma econ�omica en cualquier modelo de silla de
ruedas el�ectrica. Convirtiendo as�� el proyecto en una plataforma que permite cambios o
mejoras futuras. Esto permitir�a ampliar el n�umero de personas con diversas discapaci-
dades que puedan bene�ciarse de tecnolog��as avanzadas de movilidad, sin enfrentarse a
las barreras econ�omicas que a menudo limitan su acceso a estas soluciones.

Los controles adaptativos fueron implementados con �exito, mejorando signi�cativamente
la movilidad y la autonom��a de los usuarios. No obstante, la detecci�on de obst�aculos se
deja abierta a mejoras futuras para lograr un control completamente autom�atico, lo cual
aumentar��a m�as la seguridad y la e�ciencia de la silla de ruedas.
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Resum

La Par�alisi Cerebral (PC) �es una condici�o neurol�ogica, que pot afectar tant el moviment
muscular, com a la coordinaci�o, estabilitat, visi�o, veu, i audici�o de les persones que la
pateixen. Les persones amb discapacitat s'enfronten a desa�aments diaris, entre els quals
destaca la seva mobilitat independent.

En el mercat existeixen actualment diversos models de cadires de rodes el�ectriques que
poden ser dirigides per persones utilitzant un �unic control adaptatiu, tanmateix, tenen
un elevat cost econ�omic.

El model de cadira de rodes el�ectrica disenyat utilitza diferents tipus de controls adap-
tatius, com el control per vista, per moviment angular i per veu. A m�es, al tractar-se d'una
cadira multiparam�etrica, s'adapta a les necessitats i capacitats individuals dels usuaris,
ja que els s��mptomes de la Par�alisi Cerebral poden variar, fent que un �unic control sigui
insu�cient.

El control de la cadira de rodes es realitza mitjan�cant el programari Grid3, compatible amb
la majoria dels sistemes operatius i utilitzat comunament per a persones amb discapaci-
tat. A trav�es d'una interf��cie d'usuari intu•�tiva, permet als usuaris seleccionar el control
adaptatiu que desitgin utilitzar, aix�� com la velocitat amb la qual desitgen moure's. A
m�es, la cadira incorpora un sistema de detecci�o d'obstacles que utilitza sensors d'ultras�o
i c�ameres de profunditat per a evitar col·lisions i reduir aix�� el risc en els despla�caments.

En aquest projecte s'han desenvolupat diversos controls adaptatius i de detecci�o d'obstacles
que es puguin integrar de manera econ�omica en qualsevol model de cadira de rodes
el�ectrica. Convertint aix�� el projecte en una plataforma que permet canvis o millores
futures. Aix�o permetr�a ampliar el nombre de persones amb diverses discapacitats que
puguin bene�ciar-se de tecnologies avan�cades de mobilitat, sobreposant-se a les barreres
econ�omiques que sovint limiten el seu acc�es a aquestes solucions.

Els controls adaptatius s'han implementat amb �exit, millorant signi�cativament la mobil-
itat i l'autonomia dels usuaris. No obstant aix�o, la detecci�o d'obstacles es deixa oberta a
futures millores per a aconseguir un control completament autom�atic,cosa que augmen-
taria la seguretat i l'e�ci�encia de la cadira de rodes.
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Abbreviations

AAC Augmentative and Alternative Communication

AC Alternating current

ASPACE Confederaci�on Espa~nola de Asociaciones de Atenci�on a las Personas con Par�alisis
Cerebral

CP Cerebral Palsy

DC Direct current

ECU Environmental Control Units

FOV Field-of-View

IMU Inertial Measurement Unit

IPAs Voice-controlled intelligent personal assistants

LiDAR Light Detection and Ranging

mCU Micro controller

MEMS Micro-Electro-Mechanical Systems

PCB Printed Circuit Board

PWM Pulse Width Modulation

RGB Red-Green-Blue

SV Stereo Vision

ToF Time-of-Flight

USB Universal Serial Bus
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1 Introduction

Cerebral Palsy (CP) is a neurological condition caused by damage inside the developing
brain, interfering with the ability to control movement and maintain posture and balance
of the a�ected individuals. With a prevalence of one every �ve hundred individuals in
Spain, the development of new technologies focused on disability is of vital importance to
ease and enhance the mobility and independence of people with CP [1].

People with severe disabilities face signi�cant challenges, specially when operating with
powered wheelchairs independently, as conventional control interfaces result ine�ective due
to physical, perceptual, or cognitive de�cit di�culties. Moreover, take into consideration
that CP can usually go hand in hand with other limitations such as epilepsy, intellectual
disability, hearing problems, etc.

The combination of advanced control mechanisms and sensor technologies allows for the
creation of a multi parametric interface that facilitates mobility and o�ers more intuitive
and adaptable wheelchair control. Users will not only be able to control the chair through
eye tracking, body movement, or voice recognition, but safety and e�ciency will also be
enhanced with navigation assistance.

This project is being carried out in collaboration with the Cerebral Palsy Association
(ASPACE), which not only granted us access to its facilities but provided the powered
wheelchair: Invacare Mirage [2]. Such collaboration ensures that the proposed solutions
satisfy real-world needs for individuals with CP.

The importance of a�ordability cannot be overlooked in this project. The goal is to develop
a cost-e�ective intelligent assistant for wheelchair control optimization, accessible to a
wide range of users regardless of their �nancial constraints.

Overall, this project holds signi�cant importance in improving the quality of life for in-
dividuals with cerebral palsy by providing them with a more a�ordable and adaptable
solution for powered wheelchair control.
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2 State of the art

The powered wheelchair is a crucial assistive technology that enables individuals with
physical disabilities to regain their mobility and independence. However, traditional pow-
ered wheelchairs often rely on joystick controls, which can be challenging for users with
limited mobility, such as those with Cerebral Palsy.

To address this issue, researchers have explored various adaptive control interfaces for
powered wheelchairs. Those approaches involve frequently using just one adaptive con-
trol: eye-tracking technology, angular movement (head, tongue, ...), or speech recognition,
where the system can detect the user's commands and translate them into wheelchair con-
trol signals [3][4][5].

Eye-tracking technology has shown signi�cant promise as an alternative control method
for powered wheelchairs. Some projects o�er intelligent and low-cost eye-tracking system
designed speci�cally for motorized wheelchair control. Studies have demonstrated that by
utilizing images of the user's eyes to estimate gaze direction, an accuracy of 99.3% can
be achieved using convolutional neural networks to process the vision path and convert it
to command wheelchair movement. This o�ers a highly reliable control interface for users
with severe motor impairments [6].

Head movement control is another innovative approach that has been researched exten-
sively. In the case of Cerebral Palsy, as individuals face physical di�culties specially in
directing extremities, head movement control can be a great implementation into the adap-
tive technology. Several non-intrusive movement control system for powered wheelchairs
have been developed. These include systems using vision-based technology [3], sensors or
accelerometers [7], among others . These systems track head movements to generate con-
trol signals for the wheelchair, providing a practical solution for individuals with limited
mobility but su�cient head control.

Another practical solution is tongue control. Some models use magnetic implemented
devices in the palette arc or tongue piercings [4][8]. The common thing among all them
is that the intra-oral device translate tongue movements into directional commands for
the wheelchair, providing an e�ective control mechanism for users who retain �ne motor
control of their tongue.

A technology that also holds potential for improving wheelchair control is speech recog-
nition. A review of the state-of-the-art in autonomous wheelchairs controlled through
natural language highlights various systems that enable wheelchair control through voice
commands, allowing users to navigate and perform tasks using spoken instructions [5].
These systems transform wheelchairs into intelligent assistants capable of understanding
and executing commands, signi�cantly enhancing user independence.

In addition to these adaptive control interfaces, autonomous navigation is a critical area
of research aimed at enhancing the safety and functionality of powered wheelchairs. A
modular real-time shared-control system for smart wheelchairs was recently developed
using the Robot Operating System (ROS) [9]. Their system integrates real-time sensor
data to assist with obstacle avoidance and path planning, ensuring safe and e�cient
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navigation in various environments. This development reduces the cognitive load on the
user and provides a safer, more reliable mode of transportation .

It is great noticing how the type of controls that are implemented on the project already
exist on the market. However, their price is notably high, making it di�cult for everyone
to access those adaptive technologies. An example of a market product is the MyECC
Eye Gaze Interface from Link Assistive for vision control, priced at$12 890 [10]. Another
example would be the Vigo Head Drive, utilizing head motion, with a price for uniquely
the device of about$6 000 [11]. As it can be seen, in general, powered wheelchairs with
adaptive control systems incorporated have an extreme high cost.

It is important to mention Nil Palau Juli�a and his work focusing on incorporating an
adaptive control architecture using ROS and a system for measuring physiological param-
eters with a digital powered wheelchair, allowing for external inputs [12]. By combining
his work with this �nal project, we aim to enhance economically accessible wheelchair
control for individuals with Cerebral Palsy.

This project represents an economical approach to integrating all these controls into a
single powered wheelchair system. Users can either have all control methods implemented
initially or add them gradually as needed, ensuring that cost does not become a barrier to
accessing assistive technologies. Moreover, this system is not limited to Cerebral Palsy; it is
designed to accommodate a wide range of disabilities, providing a versatile and a�ordable
solution for enhancing mobility and independence.
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3 Conceptual wheelchair model

As it has been stated, the objective of this project is to create a multi parametric control
powered wheelchair with an integrated system for distance object detection.

In the world of powered wheelchairs, there are two main categories: those with digital
inputs and those that allow for external inputs. Wheelchairs with digital inputs are usually
quite robust and durable, incorporating technologies such as sensors, control systems and
autonomous navigation, to enhance their functionality. However, these wheelchairs have
limited customization options and do not support a wide range of external input adaptive
controls.

On the other hand, powered wheelchairs that allow for external inputs are more versatile
and accessible. They can integrate a variety of external input devices, making them suit-
able for users with speci�c or complex needs. However, as they are usually less expensive,
they tend to be less robust. Additionally, implementing external input adaptive control
can be challenging due to the complexity of extracting output signals from the resistive or
inductive joysticks (further explanation in Section 4.1) and recreating them. Furthermore,
ensuring compatibility and seamless integration between various external devices and the
wheelchair's control system can be a challenge. Di�erent input devices may use di�erent
interfaces, requiring careful design and extensive testing.

Considering that Nil Palau Juli�a already developed a powered wheelchair with digital
inputs [12], upon �nalizing this project, we will have the ability to control of all kinds
of wheelchairs. By combining both projects, all powered wheelchairs can be adapted to
di�erent adaptive and automatic controls.

In this project, in order to incorporate both control devices and sensors into a powered
wheelchair that allows for external inputs, the schematic model shown below is imple-
mented, where two control types are used: adaptive and automatic control, which will be
explained on their corresponding sections.

Figure 1: Conceptual wheelchair model

On the one hand, the adaptive control, where the user is able to transmit orders through
the di�erent adaptive controllers (see Section 4) to the microprocessor which, through a
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micro controller, will send the corresponding commands to the Environmental Control
Unit (ECU), in charge of executing those �nal orders.

On the other hand, there is the automatic control, responsible for the processing of the
real-time data obtained by the multiple implemented sensors. It's role will be notifying
the user via sound when an obstacle is closer than 1.5 meters, reducing the velocity of the
powered wheelchair once the distance is less than 1.0 and, once it reaches 0.5 meters to
the obstacle, the wheelchair is immediately stopped. Keep in mind that this part of the
project is left open for further development, specially for autonomous navigation.

Note that the implemented controls are all introduced as joystick command simulations
into the already existing closed-loop of the powered wheelchair.

Once the global model of the powered wheelchair is introduced, we can proceed with the
explanation of the hardware and software, responsible for the reception and processing of
the data as well as its communication with the ECU.

3.1 Hardware

For the hardware architecture, responsible for processing the obtained data and execute
orders, it is comprised by two key components: the Lattepanda Delta microprocessor [13]
and the Arduino Leonardo micro controller [14]. Utilizing a micro controller integrated
into the microprocessor is crucial for this project, aimed at enhancing wheelchair control
optimization for individuals with CP with a compact and economic implemented design.

The microprocessor, in this case the LattePanda Delta, is in charge of processing the
obtained data from either the automatic or adaptive controls, sending the required in-
formation to the micro controller in order to execute the commands. Powered by an
Intel processor, the single board computer delivers robust computational performance. Its
compact form combined with the notable amount of connectivity ports (USB, GPIO pins,
etc), its compatibility with Windows 10 and a�ordability make it the preferred choice
as a dynamic tool for real-time driving control and decision-making processes within the
wheelchair control optimization system.

Furthermore, the LattePanda Delta is equipped with the Arduino Leonardo micro con-
troller board, integrating the mCU ATmega32u4 [15]. A micro controller is a compact
integrated circuit made of: processor cores, memory and di�erent input/output peripher-
als, able to execute orders without the need for any external components.

In this project, the role of the micro controller will be ensuring proper communication
between the microprocessor (LattePanda Delta) and the ECU of the wheelchair. The im-
plemented provides 20 digital I/O pins, of which 7 are PWM channels and 12 analog input
channels. Furthermore, it has three USB 3.0 USB connections, USB-C interface and 32
KB 
ash memory, allowing for versatile and precise real-time control. However, an exter-
nal power supply of 12 Volt DC will be necessary and must be taken into consideration
for when designing the wheelchair implemented model.
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(a) Front (b) Back

Figure 2: Front and back pinout and hardware diagrams from the LattePanda Delta [13].

Lastly, the Environmental Control Unit allows people with mobility impairments to op-
erate electronic devices. Its role consists of interpreting the di�erent received inputs,
corresponding to the command orders and, execute them. Basically, it is able to control
the motor and the speed among other things, with the external components such as the
adaptive and automatic controls.

3.2 Software

The software layer is essential in order to connect hardware components and user inputs.
Programs such as Arduino IDE and Visual Studio Code are employed to understand and
translate the received data from the adaptive controlers and the sensors.

Additionally, we integrated advanced technologies like Tobii eye-tracking TD Control and
Grid 3 for the di�erent adaptive controls. This implementation of software applications
allow users to interact with the wheelchair control system through various input methods,
enhancing accessibility and customization.

For instance, di�erent programs were created in Visual Studio Code using Python (see
Annex B.1) in order to be able to receive information from the di�erent adaptive controls
or sensors and send their respective commands to control the wheelchair. So basically,
the Python code acted as the messenger between the di�erent devices and the Arduino
IDE. When initializing the Grid3 interface - a program created to ease the communication
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between the user and the powered wheelchair (see Section 4.5)-, the user will be able to
choose the velocity at which they desire to move and the adaptive control. Note that this
con�guration can be changed at any point. Once a selection is done, the Grid3 program
has been created in order to simulate a precise pressed computer key. This is because the
implement Python code will be constantly on hold until it receives a keyboard value input,
which is associated to an action. Meaning that, once the user selects an adaptive control
and its velocity, the python code will receive the designated keys. As the code listens to
the key input data, it will send a character via serial port to the Arduino which we will
have on stand by continuously. Once the Arduino receives the character, it will execute
its assigned PWM signal, corresponding to a speci�c movement (forward, backward, left,
right and stop).

Figure 3: Flux diagram of the main Python program

Note that, depending on the adaptive control used, further programs will need to be
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implemented in order to receive data and translate it into keyboard pressed keys, for the
Arduino to understand them.

Parallel to the adaptive controls, various di�erent codes are implemented to process re-
ceived data from the distance sensors. For the Intel RealSense cameras, there is a ded-
icated Python script. This script divides the camera frames into a grid and focuses on
the central pixel of each section to obtain distance measurements. By implementing an
algorithm where the minimum distance value from each frame is selected and transformed
to obtain the security distance -the actual distance to the obstacle and not its projection
(see Section 5.1), if both values fall within the prede�ned range, the corresponding action
(reducing speed, sounding an alarm, or stopping the powered wheelchair) is recorded in
a text �le. This text �le is continuously read by the main Python program, giving these
sensor-generated commands priority over user's commands. This ensures that safety com-
mands sent to the Arduino override user inputs. In contrast, the ultrasound sensors are
managed by the main Arduino program. If the sensors receive a distance of less than
20 cm, the powered wheelchair is immediately stopped, overriding any command already
going on

In conclusion, the software layer serves as the bridge between the hardware components
and user interactions. By a combination of an Arduino program and Python scripts, we
ensure that the wheelchair system is responsive to the individual's input but also adapted
to the environment, prioritizing safety over anything.
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4 Adaptive control interface

Diverse control modalities will be implemented, including eye-tracking, motion sensing,
and voice command with the goal of creating a multi parametric powered wheelchair. By
integrating these technologies, the aim is to provide users with intuitive and adaptable
control options, adjusted to their individual needs and preferences.

Before digging deep into each control and how to implement it, we must �rst understand
the workings of the most important element in powered wheelchairs allowing for external
input controls, the joystick.

4.1 Joystick controller

The control interface, which permits autonomous navigation, is the vital component link-
ing powered wheelchairs and their users. Joysticks, in particular, play a crucial role, con-
verting human intentions into commands for the controlling of the wheelchair.

The two primary joystick types seen in powered wheelchairs are resistive and inductive.

Resistive joysticks follow a straight-forward principle, only containing two main compo-
nents: a potentiometer and a spring-loaded mechanism. As the position of the joystick
varies, the potentiometer changes its resistance, regulating the voltage supplied to the
motor and allowing the wheelchair to move as demanded. Additionally, the spring-loaded
mechanism provides tension in order to center the joystick back into its neutral position
for when it is not in use [16].

Electromagnetic �elds are used in inductive joystick operations. This technology involves
a toroidal coil through which current passes and, when introducing a metal bar inside,
the generated magnetic lines of force are being cut through or interfered. Consequently,
some variations occur in the coil's current 
ow that go hand in hand with a change in
the output voltage supplied by the inductive joystick. These voltage changes are then
translated into movement commands for the electric wheelchair [16].

The powered wheelchair we were generously provided by ASPACE came equipped with
an inductive joystick. However, lacking information regarding its circuits and controls, it
forced us to delve into reverse engineering. After examining the system, we successfully
extracted the output signals corresponding to the di�erent movements. Among these
signals, we can �nd a reference signal (red sinusoidal), characterized by a DC current of
5 V with a peak-to-peak voltage of 4 V and a frequency of 20 kHz. Additionally, one of the
signals (green sinusoidal) represents the forward or backward movement, that di�er by a
simple change in sign to dictate direction. The signal responsible for the lateral movement
(yellow sinusoidal), follows the same principle of sign alteration in order to denote right
or left motion. Lastly, the blue signal represents the original PWM that, depending on its
duty cycle, the velocity of the wheelchair varies. Basically there is a reference signal and
two equal ones that vary on sign depending on the direction of movement. This means
that, there are only two possible extreme output values for the AC voltage: 3.5 V and
0.7 V. However, the DC voltage is always set to 2.5 V. We will later see how those values
are achieved.
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Figure 4: Output signals generated by the control of the joystick. The x-axis corresponds
to the time and the y-axis to the amplitude. Furthermore, the red sinusoidal corresponds
to the reference signal, the green sinusoidal to the forward/backward output signal, the

yellow to the left/right output signal and the blue pulse to the PWM signal.

To directly implement the signals generated by the wheelchair's joystick into various adap-
tive controls, our goal was to replicate the output signals corresponding to the movement
commands. Speci�cally, we aimed to recreate a signal ranging from 0 V to 5 V, modu-
lated at 2.5 V with a frequency of 20 kHz, with amplitude variation in response to the
photocell's changing resistance. The following circuit was designed to achieve this.

Keep in mind that the circuit was duplicated in order to control both forward-backward
and left-right movements.

Vin
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+
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10 k
 10 k
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�
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�
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NSL-32SR2

2:5 VVa

�
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100 k
 100 nF

�

+ 2:5 V

Figure 5: Implemented joystick circuit

where Vin is the voltage provided by the internal oscillator of the powered wheelchair
inductive joystick and the PWM is generated by the Arduino program (see Annex B.2.1).
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The output voltage (Vout ) is directly connected to the ECU of the powered wheelchair
via cable connectors. Keep in mind that there are actually two output voltages, one
corresponding to the forward/backward movement and the other to the left/right.

PWM signal with variable resistance

In order to obtain the expected output voltages for each command, it is essential to
determine the value of theR1 and R2 (photocell diode) resistances.

First, we generate a PWM signal of 0 V-5 V that goes through a resistance of 0.200 k
.
The choice for this resistance is justi�ed because the maximum current sustained by the
photocell diode is 25 mA.

Before connecting all the elements together with the other circuit blocks, we must measure
the varying photocell diode's resistance (R2), as it is driven by the duty cycle -the relative
amount of time the signal will be on- of the PWM. The duty cycle is directly related
to the amount of current that goes through the circuit and, as a result, to the quantity
of perceived light. The values obtained are shown in Figure 6. Furthermore, by doing a
multiplicative inverse �t, the function that models the opto-coupler resistance (y) as a
function of duty cycle (x) can be expressed as:

y =
9686:5612

x
+ 83:8140 (1)

describing how the resistance (y) decreases as the duty cycle (x) increases.

Figure 6: Variation of the opto-coupler's resistance (R2) with the duty cycle of the
PWM signal. The adjusted �t into a multiplicative inverse function is shown

As it can be seen, the value ofR2 goes from 4.760 k
 for a duty cycle of 1% to 0.136 k

at 100% (approximately). In order to �nd the value of R1 (for the high pass �lter that
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will later be explained), a system of equations must be solved.
(

4V � R2
R1+ R2

= 0:7 V ! R1 � 5 � R2

4V � R0
2

R1+ R0
2

= 3:5 V ! R1 � 0:143� R0
2

Where the 4 V represent the peak to peak voltage shown in Figure 4,R1 is the �xed
resistance of the high pass �lter, and the varying resistance corresponding to the photocell
diode ranges betweenR2 and R0

2.

Considering the values obtained in Figure 6 and implementing them on the resulting
equations, we get the following:

if the PWM is at 100% ! R0
2 = 136 
 ! R1 = 0:143� R0

2 = 680 
 (2)

The resulting voltage whenR0
2 = 136 
 and R1 = 680 
 corresponds to one of the expected

output values. This being :

V100% = 4 V �
R2

R1 + R2
= 4 V �

0:136
0:680 + 0:136

= 0:7 V (3)

Now we must �nd if, when using R1 = 680 
, we obtain V = 3:5 V for a value of R2

corresponding to the low percentages of duty cycle presented in Figure 6.

4V �
R0

2

R1 + R0
2

= 3:5 V R1=680 
�! R0
2 = 4:760 k
 (4)

which is approximately the value obtained for a PWM at a duty cycle of 1%.

In conclusion, when combiningR1 = 680 
 with a PWM that changes its duty cycle and,
as a result, varies the photocell diode's resistance, we are able to obtain the expected AC
values: 0.7 V and 3.5 V.

�
+PWM

200 

�

+

NSL-32SR2

2:5 VVa

Figure 7: Circuit of a PWM signal going through a varying opto-coupler resistance
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High pass �lter

A high pass �lter is implemented in order to block the DC signal generated by the
wheelchair's inductive joystick -corresponding to 5 V- and only allow AC signals with
higher frequencies than the cuto� value to go through [17].

In this case, the �rst-order high pass �lter consists of a high pass �lter section -a capacitor
(C) in series with a resistor (R)- followed by a non-inverting operational ampli�er. Addi-
tionally, the resistor R2 (photocell diode) connected to ground, implemented in order to
determine the gain of the ampli�er and in
uencing the cuto� frequency of the high pass
�lter.

As it was stated before,R1 is set to 0:680 k
 and the value of the capacitor must now be
found.

We know that, when calculating the cuto� frequency of a high pass �lter, the equation is:

f c =
1

2��
=

1
2�RC

(5)

where f c is in hertz, the time constant � is in seconds, the resistanceR is in ohms and
the capacitor C is in farads. In our case, the cuto� frequency will be given by:

f c =
1

2�C (R1 + R2)
(6)

It was decided to takef c = 100 Hz as the aim of the high pass �lter is to block the DC
signal while e�ectively �ltering out AC noise. As we stated before, the reference signal
has a frequency of 20 kHz so, selecting 100 Hz as the cuto� frequency ensures minimal
interference while still accomplishing the �lter's intended function.

Vin

2:2µF 680 

�

+
Va

Vout

R2=NSL-32SR2

2:5 V

Figure 8: Circuit of a high pass �lter

When analyzing the high pass �lter, the obtained transfer function is as follows:

H1(s) =
Vout

Vin
=

R2

R1 + R2 + 1
C�s

=
R2 � C � s

(R1 + R2) � C � s + 1
(7)
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where, when s=0, we get a null transfer function. However, for s! 1 , the H1(s) function
ends up being:

H1(s ! 1 ) =
R2

R1 + R2
(8)

Figure 9 shows the Bode plot of the transfer function for the high pass �lter, this being
a graphical representation of the frequency response of the system. In this case, we only
picture the magnitude of the transfer function in function of the frequency.

At low frequencies, the magnitude is quite small, indicating that the high pass �lter
attenuates low-frequency signals. As the frequency increases, the magnitude also increases,
showing the allowance for high-frequency signals to pass through with less attenuation. At
! � 102 Hz the cut-o� frequency could be marked -con�rming initial setup conditions-,
where the magnitude starts to level o�, illustrating the transition from attenuation to
transmission in the �lter's frequency response.

Figure 9: Bode plot of H1(s) whereR1=680 
, R2=136 
 and C=2:2µF.

The transfer function of this system has a pole atjpj = 557:041 rad=s = 88:66 Hz and a
zero at jsj = 0:0 rad=s = 0:0 Hz whose behaviour can be seen on the bode plot. A zero
with a null value means that the �lter completely blocks the DC component, which is
typical for a high-pass �lter. However, for high frequencies, the �lter allows attenuated
(see equation 8 for the factor of attenuation) AC current to go through. Furthermore,
the value of the pole is almost the one established for the cuto� frequency, ensuring the
previous approach is correct (f c = 100 Hz).

By implementing the high pass �lter, the expected goal is achieved. The DC current is
blocked and the AC signal of 20 kHz is attenuated by a factor that varies depending on

26



the opto-coupler's resistance and, as a result, on the PWM signal.

On the other hand, for the case where the Vin DC signal with a value of 2.5 V goes through
the circuit, the following transfer function is obtained:

H2(s) =
Vout

Vin DC
=

(1 + R1 � C � s)
1 + ( R1 + R2) � C � s

(9)

where the Bode plot for this function is shown below:

Figure 10: Bode plot of H2(s) whereR1=680 
, R2=136 
 and C=2:2µF.

This system has a pole atjpj = 557:041 rad=s = 88:66 Hz and a zero atjsj = 668:449 rad=s =
106:39 Hz. At low frequencies, when s tends to zero, H2(s) simpli�es to one and the mag-
nitude is close to 0 dB, indicating that DC and low-frequency AC signals pass through
with little attenuation. At high frequencies, when s tends to in�nity, the magnitude drops
o�, reducing the amplitude of these higher frequency AC signals and resulting on:

H2(s ! 1 ) =
R1

R1 + R2
(10)

corresponding to the attenuation factor, e�ectively blocking high-frequency AC signals
while allowing DC and low-frequency AC signals to pass.

When combining the high pass �lter with the PWM signal and the photocell diode we
ensure e�ective signal processing and �ltering necessary for the application at hand. The
following equation represents the output voltage obtained:

Vout = 2:5 V + VAC �
R2

R1 + R2
(11)
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Direct current generator of 2.5V

As it was stated before, the output signals observed have a �xed DC voltage value of 2.5 V
and a varying AC voltage. So, we must generate the DC constant value.

�
+5V

100 k


100 k
 100 nF

�

+
Vout

Figure 11: Designed circuit to generate a DC current of 2.5 V

Above, we can see the circuit that allows to obtain the expected DC output voltage. The
expression representing theVout is as follows:

Vout = Vin �
R2

R1 + R2
= 2:5 V (12)

In this case, the role of the capacitor is to stabilize the 
uctuations in voltage, �ltering
out any AC current that may be present.

Switch to choose the movement sign

A switch has been implemented in the circuit in order to create the varying sign to
generate the di�erent signals (forward/backward or left/right movements). By changing
the logic control input via a digital signal (D1;2) from the microcontroller (Arduino), the
circuit generates signals for forward-backward or left-right movements that only di�er in
sign as the pairs are identical.

Vin

10 k
 10 k


2.5 V

D1;2

�

+
2.5 V � VAC � R2

R1+ R2

Va

Figure 12: Circuit of the switch that creates the corresponding sign to its movement
direction
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The �rst possible case would be when the interrupter allows theVin to go through. As

Vin = Va = 2:5 V + VAC �
R2

R1 + R2
(13)

the operational ampli�er will act as a voltage bu�er (also known asvoltage follower),
whose output voltage is equal to the input voltage and there are no ampli�cations of the
signal [18], resulting in:

Vout = 2:5 V + VAC �
R2

R1 + R2
(14)

On the other hand, when the interrupter allows for the 2.5V to go into the ampli�er, the
output voltage will be

Vout = 2:5 V � VAC �
R2

R1 + R2
(15)

The di�erence in sign is what will cause the wheelchair to either go backwards or forward
and left or right.

Resulting circuit board

After assembling all these circuits together and duplicating them, a printed circuit board
(PCB) was designed to obtain a more compact and robust device.

(a) Schematic of the circuit board (b) PCB for the adaptive control

Figure 13: Circuit board for the adaptive control. On the left we can see the schematic
circuit of the board and, on the right, the actual circuit board implemented on the

powered wheelchair to simulate the joystick's signals for the adaptive controls

As it can be seen, the circuit board contains the same circuit duplicated in order to
control forward/backward and left/right movement directions. From the Arduino of our
LattePanda Delta, some of signals that will go through the PCB will be created. Firstly,
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two pairs made each from aPWM1;2 signal and its corresponding switch valueD1;2, some
ground connections and a 5 V input signal that is connected to all the di�erent components
in the circuit. Secondly, it has an input pin for the reference signal of the wheelchair to
go in (osc) and, lastly, two output pins that correspond to the forward/backward or the
left/right signals.

Regarding thePWM1;2 signal, it is the Arduino the one that will send its values which
will be close to the 0% of the duty cycle. However, the explanation of these values will
be given in Section 4.5 as they are related to the velocity and will depend on the users
and their limitations. The D1;2 position is also sent by the Arduino where a previous
veri�cation has been done in order to check what each direction command corresponded
to in terms of the switch's position.

For the neutral command -meaning when the powered wheelchair is stopped-, the gen-
erated PWM has a duty cycle of 39.37%. This value was manually selected so that the
output signal was small enough not to generate any movement but su�ciently high to
generate a clean signal.

In the sections below, the di�erent adaptive controls will be presented. As the powered
wheelchair already has an installed joystick, a new one will not be implemented. To
enable the wheelchair to identify the source of incoming information, an interrupter has
been positioned next to the joystick. When positioned upwards, the powered wheelchair
will be operated using the joystick. Conversely, when positioned downwards, the adaptive
controls can send commands to the wheelchair.

Figure 14: Interrupter installed on the powered wheelchair to select the desired control.
When positioned downward, the powered wheelchair will process the commands sent via

the adaptive controls

4.2 Eye controller

The Tobii Dynavox PCEye is an eye tracker created to replace the standard keyboard and
mouse, allowing the user to control the computer using only the eyes. It is specially created
for people that face challenges in their abilities to access and control their computer due
to injuries, disabilities or illnesses [19].

The Tobii Dynavox PCEye must be connected to a Windows device via USB, where ini-
tializing TD Control [20], the user is able to intuitively interact and control the computer
(or tablet) via eye tracking.
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Figure 15: Tobii Dynavox PCEye [19]

Below are some of the important features that must be taken into consideration when
using the PCEye.

Feature Description
Consumption of energy (Full Operation) 2.2 W (typical average)
Distance from User to Eye Tracker from 50 cm to 95 cm
Unit Size (Length � Height � Depth) 285 mm� 15 mm � 8.2 mm
Unit Weight 93 g

Table 1: Summary of Tobii Dynavox PCEye's features

As it is stated on Table 1, there is a speci�c distance range at which the Dynavox device
must be placed from the user for the system to work smoothly. So, it must be installed on
the middle or lower part of the screen, preferably parallel to the user's eyes at a distance
from about 50-95 cm. Furthermore, in order to use the eye tracking device correctly, it
must �rst be calibrated for optimal performance.

The process of calibrating and adapting the features of the device to the customer is done
when initializing the TD Control app, directly obtained when downloading the PCEye 5
software [20]. When pressing the Calibrate button, the initial calibration screen appears,
presenting as a black screen with a central orange dot containing a black center. Nothing
happens until the user �xates its vision on this dot. Once the eye tracker detects the
�xation, the dot blinks once and then disappears, indicating that the �xation has been
recorded.

While the dot is present, the Eye Tracker does not log gaze data for that speci�c position.

(a) First step of the calibration (b) Second step of the calibration

Figure 16: Calibration of the Tobii Eye Tracker with the TD Control app
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Following the initial calibration screen, a subsequent screen appears with a black back-
ground and orange dots featuring black centers positioned in each corner. As before, action
occurs only when the user �xates on one of these points. Upon detecting the �xation, the
eye tracker registers it, the dot brie
y blinks, and then vanishes.

During this time, gaze data for these points is not recorded by the Eye Tracker.

The calibration process concludes once the user has �xated on all points, resulting in the
disappearance of all dots from the screen.

To con�rm calibration accuracy, a check can be done at any time where the user must
only check that, if the orange circle is inside the dashed white circle, the calibration is
su�ciently good in order to use TD Control.

Figure 17: Check the calibration of the Tobii Eye Tracker

Note that this device will be used hand in hand with the created Grid 3 interface (see
Section 4.5), allowing users to control the powered wheelchair with the eye tracking device
and a screen.

4.3 Voice controller

The integration of a voice control device, such as the Amazon Alexa Echo Dot, where
the powered wheelchair is directed via basic verbal commands, is a great implemented
feature as it can be used by many people with physical disabilities, in order to achieve
comfortable and accessible control of the wheelchair [21].

Voice-controlled intelligent personal assistants (IPAs) are frequently used by disabled
people as they not only allow for smart home control but, enhance their mobility and eases
their day-to-day life. With its integrated natural language processing, Amazon Alexa is
fully capable of identifying speech. Combined with its speech recognition system, it can
cancel echoes, identify ambient noise, etc, making it an excellent option for people than
either cannot use the other proposed controls or that would rather not require much
physical e�ort.

In terms of accessibility, the Echo Dot is compatible with its corresponding Android and
iOS apps. However, it is important to note that it must be connected to a WiFi network
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not only to function but to be able to send the data to the Arduino to control the powered
wheelchair.

Figure 18: Amazon Alexa Echo Dot 3rd Generation [21]

One of the key advantages of using this speaker is its robust, compact design and af-
fordability compared to other similar devices on the market. However, its power source
connectivity must be taken into consideration. While the Echo Dot itself does not have an
internal battery and must be plugged into a power source to operate, an external battery
meeting the correct speci�cations can be easily integrated.

Some of the most relevant speci�cations are listed below.

Parameter Speci�cation
Dimensions 43 mm � 99 mm� 99 mm
Weight 300 g
Power Adapters 15 W

Table 2: Speci�cation Summary Echo Dot

In order to connect the Amazon Echo Dot to the Arduino program that executes and
sends order commands to the ECU, they must be connected via WiFi. This is why an
ESP32 board has been incorporated into the control system, allowing is to receive orders
from the Echo Dot and transmit them to the Arduino.

Once the connections are done, the user can make use of the speaker as an adaptive control
for its powered wheelchair. The Echo Dot responds to the following voice commands:

\Alexa, adelante" (forward)

\Alexa, marcha atr�as" (backward)

\Alexa, izquierda" (left)

\Alexa, derecha" (right)

\Alexa, para la silla" (stop)

\Alexa, apaga la silla" (stop the control)

The created Arduino program is designed to run on an ESP32 microcontroller board,
enabling WiFi and Bluetooth connectivity with other devices. It uses the Arduino frame-
work and the fauxmoESP library, allowing the ESP32 to respond to Alexa commands. By
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simulating four di�erent lamps - forward, backward, left, and right - when voice commands
are received, the corresponding device is turned on or o�. Via serial port, the state change
of the lamp is sent as an speci�c character to the Python program. This character will be
identi�ed and its corresponding action command will be sent to the Arduino, where the
the speci�c signal control for the powered wheelchair will be executed.

Figure 19: Flux diagram for the data processing of the Amazon Alexa with an ESP32

Note that the commands can be adapted to any language compatible with Alexa as the
voice commands are created and can be modi�ed by the user. Furthermore, the integration
of the Grid3 interface (see Section 4.5) is particularly advantageous as it already includes
Augmentative and Alternative Communication (AAC) software, essentials for individu-
als who have di�culties with speech or language skills. By using the existing programs
within Grid3, it ensures that individuals who rely on AAC can utilize Alexa seamlessly
for wheelchair control.

4.4 Movement controller

In order to deliver real-time motion tracking and posture analysis with high accuracy, we
used the WitMotion WT901BLECL BLE5.0, a multi-sensor device detecting acceleration,
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angular velocity and angles, as well as magnetic �elds [22]. It not only integrates high
precision sensors (gyroscopes, accelerometers, and geomagnetic �eld sensors) but has a
dynamic Kalman �lter, that helps reduce noise by updating its estimates and covariance
matrices based on the current state of the system and the evolution of its dynamics.

Figure 20: WitMotion WT901BLECL [22])

As seen in Figure 20 and in Table 3, the device is quite compact and light, making it
suitable for seamless integration into wearable systems, aimed at facilitating intuitive
movement control for powered wheelchairs.

Parameter Speci�cation
Voltage and current 3.3 V - 5 V and < 40 mA
Size 51.3� 36� 15 (mm) / 2.02"� 1.41"� 0.59"
Data X Y Z, 3-axis

Table 3: General Speci�cation Summary WT901BLECL

The connection of the device to the user's computer is quite straight forward. It must
simply be connected via Bluetooth or with the BLE 5.0 adapter to the LattePanda,
calibrate the device by installing its own software [23] and place it on the extremity that
will be controlling the electric wheelchair with its movement.

Below are some important features of the device.

Sensor Measurement Range Accuracy/Remark
Accelerometer � 16 g

Accuracy : 0:01 g,Resolution : 16 bit, Stability : 0:005 g
Gyroscope � 2000� s� 1

Resolution : 16 bit, Stability : 0:05� s� 1

Magnetometer � 4900µT, 0:15µT=LSB typ. (16-bit)
Angle/Inclinometer X, Z-axis: � 180� , Y: � 90� (Y-axis 90� is singular point)

Pitch and roll angle accuracy : 0:2�

Heading accuracy :
9-axis: 1� (without interference from magnetic �eld)
6-axis, static: 0:5� (integral cumulative error in dynamic)

Table 4: Sensor Speci�cations WT901BLECL
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In our case, we used the pitch, yaw, and roll angles in order to detect the di�erent
movements made by the user. The coordinate system used consists of three orthogonal
axis, where by rotating around them, the data is obtained [24].

Figure 21: The position of all three axes, with the right-hand rule for describing its
rotations [24]

The translation of the user's movements into orders is not straightforward. Given the
speci�cations of the device and knowing that the data is transmitted in hexadecimal
system, we created a Python program to process and convert the data to the decimal
system [25].

When transmitting data, the module of the device sends a 20-byte data packet with the
following structure:

ˆ Packet Header (1 byte): A �xed value indicating the start of a packet (0x55).

ˆ Flag Bit (1 byte): Identi�es the type of data (0x61 for acceleration, angular velocity,
and angle).

ˆ Data Fields (18 bytes): represent a two-byte pair of the X, Y and Z coordinates for
each type of data where each pair has a low byte followed by a high byte.

In our case, we were primarily interested in considering from the fourteenth to the ninetieth
byte, representing the navigation angles (pitch, roll and yaw). Our Python program starts
transmitting data from bytes fourteen to nineteen. However, each pair of values has to
undergo through their corresponding transformation in order to calculate the pitch, roll
and yaw angles.

Roll (X axis):

Roll =
(RollH or RollL) � 180

32768
(16)

Pitch (Y axis):

Pitch =
(PitchH or PitchL) � 180

32768
(17)

Yaw angle (Z axis):

Yaw =
(YawH or YawL) � 180

32768
(18)
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where each pair of values corresponds to the high or low byte.

In our project, only head movement has been considered as an angular control interface.
This choice is due to the fact that people with Cerebral Palsy often present abnormalities
in muscle tone, making it di�cult to control certain body parts. For those with spastic
Cerebral Palsy, bone deformities as well as increased muscle tone are common. Enlarged
bones tend to be thinner, asymmetric and curved. Although they tend to get narrower,
extremities can outgrow, appearing as in
amed. All these abnormalities can result on
joint malfunctions. Since people with Cerebral Palsy have limited mobility, their muscles
are not in constant use, which usually leads on the atrophy of the articular cartilage [26].

Figure 22: Flux diagram for the data processing of the WT901BLECL on a Python
program

A Python program is used in order to obtain real-time data from the WT901BLECL (see
Section B.1.2). The following 
ux diagrams represents the structure of the code used in
order to detect the device, process its data and detect the speci�c direction command.

When designing the angular movement interface, three di�erent situations have been
considered depending on the degrees of freedom allowed.
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The �rst case is for the user that has full mobility of its head, allowing mobility in both x-
axis and y-axis. The methodology is as follows. At �rst, the user must de�ne the threshold
that triggers each movement: neutral, forward, backward, left and right, creating group
separators by assigning a zone to each speci�c movement command. When the user does a
movement in order to control the powered wheelchair, the program will be able to detect if
it corresponds to one of the initial reference values. Keep in mind that, as there are group
separators, a marginal error is added to the initial con�gurations so that the movements
do not need to be extremely accurate.

The second situation goes hand in hand with the third one, where the user only has one
degree of freedom as a result of its limited mobility. Meaning that, it can only move in
the x-axis or y-axis. However, the model follows the same structure. When con�guring
each command position, the group separation will be generated in only one of the axis.

Figure 23: The correspondence of the user's head movements with the wheelchair control
for each con�guration

However, as the di�erent reference positions will be previously settled by each user, there
are a large number of possibilities to which this control can be adapted to. Nevertheless,
when creating the movement areas to which a command is assigned, it must be taken
into consideration how, depending on the limitations of the user, it can be challenging to
di�erentiate between the di�erent actions and their corresponding zones. This is why, the
three presented situations were proposed as the most reliable.

4.5 Control interface

A control interface is required in order to control the powered wheelchair using the eye
tracking technology. As it needs to be understandable, easy to implement and accessible
for people with cerebral palsy, the control platform has been created using Grid 3 [27],
a software designed by Smartbox Assistive Technology and compatible with most of the
operating systems. This program is usually used for people that have speech di�culties,
enhancing Augmentative and Alternative Communication (AAC), designed to ease com-
munication and improve the independence of disabled people. It is organized in packages
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depending on what the person is aiming to do. They have symbol talkers arranged in
themes and hobbies, text talkers, computer controls, etc. Furthermore, users are allowed
to create and personalize their own packages. As a result, Grid 3 is a program that enables
people to have a voice, control their computer and their environment and, consequently,
live a more autonomous life.

Additionally, it can be really bene�cial for the control using voice commands or with the
angular movements as it can give the user a visualization of what is happening.

In our case, the designed package interface simply allows the user to select the veloc-
ity and the desired adaptive control from the initial start-up screens, that lead to four
di�erent interfaces corresponding to each controller (see Annex A). Once a selection is
done, the program simulates a pressed key on the computer keyboard. A Python program
running on Visual Studio Code (see Annex B.1) reads the received commands and sends
its corresponding character to the Arduino program. Additionally, each adaptive control
interface includes a stop button and a return button so the user has full control of the
powered wheelchair and is able to go back to the menu and re select a control or fully
stopping the chair.

Note that, as it was explained in Subsection 4.4, in order to use movement as the adaptive
control, di�erent situations have been considered depending on the user's abilities to move
its head. As a result, before being able to control the powered wheelchair with angular
movement, the user must press on each position's button (neutral, forward, backward,
left and right) in order to de�ne the reference positions of the device.

Figure 24: Diagram model representation the functioning of the created Grid3 interface
that allows to select a velocity and an adaptive control

As it has been stated, an important feature that has been implemented on the adaptive
control of the wheelchair is the consideration of adapting the velocity of the powered
wheelchair with respect to the reactive time of the user and the ease at which the dif-
ferent commands can be elected. To do so, the speed of the wheelchair can be selected
from the o�ered options on the start-up menu and can be modi�ed when desired. The
recommendation when the joystick is not used, is not tho choose the fastest speed as the
time between the thought of changing direction (or stopping) and the actual selection of
the control is not immediate.

In conclusion, when using the Grid 3 interface, the user is allowed to control the wheelchair
with all three type of controllers. The platform is understandable and simple, allowing
people to easily control the powered wheelchair and enhancing their quality of life.
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4.6 Velocities

The speci�c values chosen for the three di�erent velocities represent the most adequate
speeds for individuals with varying degrees of mobility limitations. However, these values
are adjustable and can be customized according to user preference. Typically, powered
wheelchairs move at speeds around 1 m/s, so the velocities chosen for this project are
aligned with this benchmark.

Since each velocity is con�gured via the duty cycle of the PWM, conducting �eld experi-
ments is essential to accurately establish the velocity in meters per second, as there is no
direct relation between the duty cycle and the wheelchair speed.

While such experiments were not conducted for this project, future works could use the
following linear motion equation to calculate the velocity [28]:

v =
d
t

=
x f � x i

t
(19)

whered represents the distance traveled, andt is the time taken to cover that distance.

It's important to note that this motion equation does not consider the initial acceleration
and assumes constant velocity. This should not be a problem as the primary interest is to
determine the actual velocity values.

4.7 Wheelchair skills test

Before being able to use a powered wheelchair, each user has to undergo an assessment
conducted by ASPACE: theWheelchair Skills Test (WST), where their capabilities are
evaluated. Here is the list of individual skills to be assessed:

1. Positions controller

2. Turns power on and o�

3. Operates battery charger

4. Disengages and engages motors

5. Changes program modes

6. Changes speed setting

7. Operates body positioning options

8. Rolls forward

9. Rolls backward

10. Turns in place

11. Turns while moving forward

12. Turns while moving backward

13. Maneuvers sideways

14. Reaches objects

15. Shifts weight

16. Performs level transfers

17. Performs ground transfers

18. Gets through hinged door

19. Ascends slight incline

20. Descends slight incline

21. Ascends steep incline

22. Descends steep incline

23. Rolls on soft surface

24. Gets over obstacle

25. Ascends low curb

26. Descends low curb
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Each individual skill is evaluated on a scale from 0 to 3 following the criteria in Table 5
[29].

Score Label Description
3 Advanced pass The subject carries out the skill in an advanced manner.
2 Pass The subject carries out the skill independently and

safely, but with room for improvement.
1 Partial pass The subject safely completes most of the evaluation cri-

teria or can direct the actions of another person.
0 Fail The subject does not complete most of the evaluation

criteria, is unsafe or unwilling.
NP No part The wheelchair does not allow this skill.
TE Testing Error The tester cannot assess the skill for some reason.

Table 5: Assessment of Individual Skills

Keep in mind that, for some of the more di�cult skills (e.g., "ascends high curb"), at
least a pass score on an easier skill (e.g., "ascends low curb") is a prerequisite for being
permitted to attempt the more di�cult skill.

The formula to calculate the total WST capacity score is:

Total WST =
� P

individual skill scores
(# possible skills � # NP scores� # TE scores) � 3

�
� 100% (20)

Depending on theWST �nal score, di�erent precautions will be taken into consideration
for the individual aiming to use the powered wheelchair. This allows them to focus the
training to improve speci�c skills and ensure safety, as well as to identify the amount of
caregiver time needed, among other factors.

However, as the powered wheelchair developed is able to vary velocities and implements
di�erent types of adaptive control, this could help individuals unsuitable for wheelchair
use to increase their scores. By o�ering reduced speeds and various adaptive controls,
these individuals may now pass the assessment, gaining better control of the powered
wheelchair either through the slower speeds or by being able to use the appropriate adap-
tive control. This enhancement may lead to improved capabilities in various aspects, such
as ameliorating skills 1, 2, 5, 6, 8, 9, 10, 11, 12, 13, 19, 20, 21, 22, 23, 24, 25, and 26.
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5 Obstacle detection system

In autonomous navigation, distance safety usually involves di�erent components that,
when working together, ensure safety while using the powered wheelchair.

By combining data from di�erent sensors, a comprehensive understanding of the envi-
ronment is achieved, enhancing accuracy and reliability. Furthermore, in order to process
the real-time obtained sensor data, there needs to be a processing software for obstacle
detection.

For this project, we are focalizing on safety regions [30]. Meaning, de�ning di�erent areas
around the powered wheelchair known as safety margins. Each safety margin corresponds
to a di�erent level of potential danger, dictating corresponding actions to ensure safety.

Figure 25: Visualized safety regions for obstacle detection [30]

As it can be seen, the region around the powered wheelchair is divided into three speci�c
zones.

ˆ Warning Zone (1.5 � dsecurity < 1.0 m): an alarm will go o� to alert the user
about the proximity to a potential obstacle or danger.

ˆ Speed Reduction Zone (1.0 � dsecurity < 0.5 m): when in this zone, the powered
wheelchair will automatically reduce its speed to the minimum.

ˆ Complete Stop Zone (0.5 � dsecurity < 0.1 m): if the powered wheelchair gets
this close to an obstacle, it will come to a complete stop, avoiding collision.

These safety zones are implemented to enhance the individual's safety by providing pre-
cautionary measures allowing more time for the user to react. However, if the wheelchair
gets close to impact, it will directly stop.

To run the obstacle detection system, we have integrated a variety of sensing technologies
into the electric wheelchair in order to obtain robust reliable data: the L515 LiDAR
camera, the D435 depth camera, and the HC-SR04 ultrasound sensors. The combination
of this trifecta allows for detailed and accurate environmental information on a wide range
of distances and conditions.

5.1 Wheelchair setup model for the camera sensors

In order to adapt the distance values obtained from each camera to the security zones,
some adjustments and calculations need to be made. The �gure below represents how the
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