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Abstract

Visual impairment poses significant challenges, affecting daily activities such as navigat-
ing unfamiliar environments, avoiding obstacles, and participating in physical activities,
thereby diminishing the overall quality of life. This project’s main objective is to leverage
technology to address the unique needs of visually impaired individuals, fostering a more

inclusive environment.

The thesis is conducted within the BUDD-e project (Blind-assistive aUtonomous Droid
Device), funded by Politecnico di Milano through the POLISOCIAL 2021 program and the
PRIN 2022 project CARE (Control of Assistive Robots in crowded Environments). The
project aims to tackle daily challenges encountered in accessing services, public spaces,
sports arenas, healthcare facilities, shopping areas, and cultural centers. By developing
a novel robotic guide, the goal is to provide a comprehensive solution that surpasses
existing technological limitations and empowers users to engage in diverse environments,
including sports activities. Although the BUDD-e prototype is promising for mobility
concerns, it faces challenges related to reactivity and adaptability. Indeed, enhancements

are necessary to support visually impaired individuals in various scenarios.

First, this thesis focuses on optimizing the smart tether system configuration to enhance
practicality and user comfort, addressing issues, such as undesirable oscillations and dis-

comfort in sports environments.

Secondly, to achieve a responsive and adaptable robotic guide, a new distance controller
is devised to ensure more reactive and precise control of the robot’s position relative to
the user. Additionally, a critical stopping issue is addressed by introducing an innovative
strategy, consisting of a prompt user brake detection and of a feedforward brake controller
when necessary. These advancements address previous limitations and expand potential

applications.

Keywords: assistive technology, robotic guide, smart tether system, braking detection,

distance control, inclusive environment, mobility solutions.
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Abstract in lingua italiana

Le disabilita visive comportano sfide significative agli individui che ne soffrono, influen-
zando le attivita quotidiane come orientarsi in ambienti non familiari, evitare ostacoli e
la partecipare ad attivita fisiche. Queste difficonta riducono complessivamente la qualita
della vita. L’obiettivo principale di questo progetto é sfruttare la tecnologia per rispon-
dere alle esigenze uniche delle persone con disabilita visive, favorendo un ambiente piu

inclusivo.

La tesi ¢ condotta nell’ambito del progetto BUDD-e (Blind-assistive aUtonomous Droid
Device), finanziato dal Politecnico di Milano attraverso il programma POLISOCIAL 2021
e il progetto PRIN 2022 CARE (Control of Assistive Robots in crowded Environments).
Il progetto si propone di affrontare le sfide quotidiane relative all’accesso a servizi e spazi
pubblici, come impianti sportivi, strutture sanitarie, aree commerciali e centri culturali.
Sviluppando una innovativa guida robotica, ’obiettivo & fornire uno strumento che superi
le limitazioni delle tecnologie esistenti e consenta agli utenti di svolgere attivita, anche

sportive, in diversi ambienti.

Sebbene il prototipo BUDD-e sia una soluzione promettente per i problemi di mobilita,
deve affrontare sfide legate alla reattivita e all’adattabilita per migliorare il support a

persone ipovedenti in diversi scenari.

Nella prima parte questa tesi si concentra sull’ottimizzazione della configurazione del
cosiddetto smart tether system per migliorare il comfort dell’utente, affrontando problemi

come le oscillazioni indesiderate e il disagio negli ambienti sportivi.

Nella seconda parte della tesi, per ottenere una guida robotica reattiva e adattativa, &
stato ideato un nuovo controllore che garantisce un controllo pitu reattivo e preciso della
posizione del robot rispetto all’'utente. Inoltre, é stato affrontato un problema critico di
frenata introducendo un approccio innovativo al problema di controllo della distanza nella
fase in cui I'utente si ferma. La strategia proposta consiste nella rilevazione tempestiva
della frenata dell’'utente e prevede un’azione di frenata in feedforward quando necessario.
Questi miglioramenti affrontano le limitazioni precedenti ed espandono le applicazioni

potenziali.



Parole chiave: tecnologia assistiva, robot guida, smart tether system, riconoscimento di

frenata, controllo di distanza, ambiente inclusivo, soluzioni di mobilita.
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1 ‘ Introduction

1.1. Mohbility challenges for visually impaired indi-
viduals

Visual impairment poses signi cant challenges to individuals, a ecting their daily activ-
ities. Navigating through unfamiliar environments, avoiding obstacles, and participating
in physical activities become intricate tasks, leading to an overall diminished quality of
life [15]. The main objective of this project is rooted in the commitment to leveraging
technology to address the unique needs of visually impaired individuals, creating a more
inclusive environment.

In [12] it is highlighted that various challenges are encountered in medical facilities and
healthcare settings, such as hospitals, nursing homes, and day-care centers. Health service
providers are obligated to ensure that visually impaired people have an equitable chance
to engage in and derive bene ts from all the o erings and services. Achieving this in-
volves actions like guiding patients, promoting basic techniques for sighted assistance and
mobility, using language and etiquette sensitive to disabilities, and providing appropriate
devices upon request, that are necessary for the majority of the visually impaired people
[18].

Similar issues are observed in the eld of sports. Speci cally, individuals with visual
iImpairments face obstacles when doing sports like running, where constant guidance and
the presence of trained guides are imperative. These guides play a crucial role, standing
slightly ahead and to the side of the visually impaired runner, connected by a tether.

Traditional solutions, e.g. white canes and trained dogs, have limitations in the contexts
discussed above. On the one hand, guide dogs require extensive training, incur mainte-
nance costs, and may pose allergen concerns. On the other hand, white canes provide
basic obstacle detection but lack the sophistication required for dynamic environments.
They can provide little navigation information and the need for more supportive and pre-
cise technologies has been highlighted [6]. Assistive technologies, and in particular robotic
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solutions, are envisioned as promising solutions to the mobility issue.

1.2. State of the art in assistive technological solu-
tions for visually impaired people

In the last decades, various technologies have been proposed to face secure navigation, one
of the numerous challenges for visually impaired people in daily life. Technological ad-
vances have signi cantly contributed to creating more inclusive environments for visually
impaired individuals.

Visual assistive technologies (VATS) can be broadly categorized into two types: visual
enhancement and visual substitution [9] aids.

First, visual enhancement devices capture, process, and display digital images on a screen,
assisting partially sighted users by improving visual clarity. One the other hand, visual
substitution systems bypass the need for visual input entirely by delivering sensory infor-
mation through non-visual modalities, such as auditory or haptic signals. These devices
take inputs from a variety of sensors and then translate them into a form that can be
understood by those with visual impairments.

Visual substitution devices can be grouped into three categories:

" Electronic travel aids (ETAs), which help users navigate in the environment by
converting visual information and additional sensor data into formats that can be
heard or felt through tactile feedback.

Electronic orientation aids (EOAS), which are often integrated into ETAs and guide
users in choosing the best route through their environment.

Position locator devices (PLDs), like GPS, which identify speci c locations within a
given area, facilitating users in nding their outdoor position relative to landmarks
or other points of interest.

Among ETAs, we can nd sophisticated models of white canes, designed to better assist
users in navigating their environments. TheGuideCane described in [3] and illustrated

in Figure 1.1, features a long handle attached to two steerable wheels integrated with a
sensor unit. These ultrasonic sensors are pivotal in detecting obstacles, enabling the cane
to navigate around them autonomously. Users perceive the direction through the force of
the steering command, allowing them to follow the path determined by th&uideCane
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(a) GuideCane. (b) The GuideCane
guides a user around
an obstacle.

Figure 1.1

Another evolution of the white cane is the Co-robotic cane (CRC, see Figure 1.2), a
robotic navigation aid that features a 3D camera that enables both pose estimation, us-
ing a 6-DOF system with ego-motion and iterative closest point algorithms, and object
recognition, employing a Gaussian mixture model, helping users navigate unknown in-
door environments. This device can switch between an active mode, where it guides
users autonomously and steers itself, and a passive mode, where it acts like an enhanced
traditional white cane, providing sensory feedback while allowing manual control [17].

Figure 1.2: Co-robotic cane

As deeply analyzed in [9], a large percentage of visually impaired people prefer not to have
an ETA attached to the white cane since it could make navigation di cult and heavy.

In the PLDs framework, GPS-based systems are among the most widely used technologies
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for outdoor navigation, especially on smartphone devices [9].

For example [2] presents the development and evaluation of a novel algorithm designed
to enhance the detection and localization of zebra crossings using smartphone technology,
primarily assisting visually impaired individuals in safely navigating road crossings. The
ZebraRecognizer algorithm signi cantly improves upon previous solutions by incorporat-
ing a recti cation phase that eliminates perspective distortion from the zebra crossing
images, which allows for precise computation of the crossing's position relative to the user
(Figure 1.3). This approach results in improved accuracy and reduced computation time,
which enhances user interaction by providing real-time feedback.

Figure 1.3: Example of ZebraRecognizer applied to an image

Robots, particularly those designed as mobility aids, represent a crucial intersection of
robotics, sensory technology, and accessibility design. The primary purpose of robotic
guides is to assist visually impaired individuals in navigating environments with greater
ease, and enhance safety and independence. These systems use a variety of sensors to
perceive their surroundings, including LIiDARs, cameras, and ultrasonic sensors, which
help in obstacle detection and path planning. Indeed, as highlighted in [18], it is of
primary importance to integrate multiple sensor systems to precisely detect obstacles
and to enhance the environmental awareness of robotic guides, which is crucial, e.g., in
dynamic and unpredictable outdoor settings.

Signi cant research has been conducted to understand the speci ¢ needs and preferences
of visually impaired users, which is critical for designing e ective robotic guides. For
example, [8] highlights the importance of incorporating end-user feedback into the design
process to ensure that the robotic guides meet the actual needs of visually impaired
individuals.

Autonomous navigation robots have been developed over the last years. For example,
CaBot (Figure 1.4) is designed to guide users to their destinations while avoiding obstacles
and providing directional feedback through a vibrotactile handle. The robot's design
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incorporates LIDAR technology for localization and path planning and a stereo camera
for object recognition[7].

Figure 1.4: CaBot

A guiding device utilizing the Pioneer 3DX robot (Figure 1.5) has been equipped with a
D-shaped user-friendly handle and software enabling audio interactions. It enhanced the
usability of the robot through interactive audio features, physical design improvements,
and customizability, retaining user data to personalize future interactions[10].

Figure 1.5: The Pioneer 3DX robot equipped with a wooden harness

The Robotic Guide Dog (Figure 1.6) is the quadrupedal device presented in [16] and is
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designed to assist visually impaired individuals in navigating through narrow and cluttered
spaces, realistically imitating a dog. The core of the innovation involves a leash-guided
quadruped robot, which uses a hybrid physical Human-Robot Interaction (pHRI) model
to manage the dynamics between humans and robots through leash tension, making the
interaction easier and smoother. However, its small dimensions may potentially cause
users injuries since it may not be perceivable.

Figure 1.6: Robotic Guide Dog

Yet, the focus in the literature has been more on outdoor applications and collision avoid-
ance capabilities, while less attention has been given to electronic travel aids (ETAS) that
support indoor navigation for visually impaired people. Furthermore, solutions that man-
age the force exerted on the user and, at the same time, adjust their speed to match the
user's pace still need to be devised.

The research presented in this thesis has been conducted in the framework of the BUDD-
e project (Blind-assistive Autonomous Droid Device), funded by Politecnico di Milano
through the POLISOCIAL 2021 program and the PRIN 2022 project CARE (Control

of Assistive Robots in crowded Environments). It stems from the need to address the
challenges daily faced by visually impaired individuals, such as accessing services, public
spaces, sports arenas, healthcare facilities, shopping areas, and cultural centers for exam-
ple. By developing a novel robotic guide, we aim to provide a comprehensive solution
that not only overcomes the limitations of existing technologies but also empowers users
to actively engage in diverse environments, including sports activities. This initiative em-
phasizes incorporating feedback from visually impaired users at every stage of the design
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process.

1.3. The BUDD-e Robotic guide prototype and open

iIssues

1.3.1. Overview of the BUDD-e Robotic Guide

BUDD-e is an autonomous robotic guide designed to assist visually impaired users in
navigating complex environments. The system consists of a self-balancing robotic plat-
form, Yape, equipped with a Smart Tether System (a winch connected to a tether and a
handle), and a sophisticated control architecture to ensure safe and e ective guidance.

Figure 1.7: Budd-e components scheme

1.3.2. The Yape Robotic Platform

Yape, produced by Yape S.r.l., is a dierential drive mobile robot with a two-wheeled
inverted pendulum structure. The torque required for stabilization and driving is pro-
vided by two brushless DC motors housed in the hubs of its two bicycle-like wheels. All
components are contained within a steel chassis with a cubic structure of 50 cm per side,
covered with high-density polystyrene, and the total mass is approximately 40 kg. Yape
can reach a maximum velocity of about 20 km/h and can handle slopes up t0°10

In the BUDD-e system, Yape has two main roles:
" It navigates and avoids obstacles, guiding the user to a pre-de ned destination.

" It perceives the position of the user and uses this information to adapt to his/her
velocity.

The stabilization, speed control, trajectory planning, and tracking in Yape are achieved us-
ing both proprioceptive and exteroceptive sensors. An Inertial Measurement Unit (IMU)
with 6 degrees of freedom (a 3-axis accelerometer and a 3-axis gyroscope) is attached to
the inner structure, while an RS16 Robosense 16-layer LIDAR sensor is mounted on top of
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the vehicle. Data from these sensors are managed by the Vehicle Control Unit (VCU), a
central microcontroller responsible for running the stabilization and speed tracking algo-
rithms. Torque references are sent to the wheel motors via a CAN bus line. Additionally,
Yape is equipped with a Navigation Control Unit (NCU), a Nvidia Xavier AGX board
that collects data from the exteroceptive sensors, executes decision-making algorithms,
and communicates velocity references to the VCU.

Yape can be controlled in two di erent modes of operation:

" Manual mode : a human driver can impose direction and speed commands through
a Logitech F710 remote controller.

" Autonomous mode : Yape can drive autonomously relying on a pre-de ned path
and on the information acquired from its sensors.

1.3.3. The Smart Tether system

The smart tether system is an accessory developed for the YAPE robot, integrated into
it and housed within a box located in Yape's payload compartment, which is originally

intended for package transport. The smart tether system (in Figure 1.8 we show the
rst prototype) serves as a physical link between the robot and the visually impaired

individual. Its structure presents a tether, with both an elastic and a rigid part.

Figure 1.8: Smart tether from left to right: handle, elastic rope, load cell, non-elastic rope

The former aims to maintain a consistent force exerted on the user. This force is measured
by a full-bridge load cell, located between the elastic and the non-elastic rope, as shown
in Figure 1.8. At the same time, the rigid rope is directly attached to the winch and coils
and uncoils on it, based on the angular velocity produced by the motor's rotation and
the consequent rotation of the shaft, intending to adjust the distance based on the user's
movement and speed. At the end of the elastic tether, a handle is positioned for a secure
and comfortable grip for the user. The load is supported by bearings with xed ends and
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aluminum supports, whose material ensures lightness, compactness, and durability, and
whose dimensions allow it to t inside the internal compartment of Yape. In the next
chapters, di erent setups will be described and compared through experimental validation
tests.

1.3.4. The Control System

The objective of the overall control system is to safely guide a visually impaired user to
a speci c destination and, at the same time, to avoid moving obstacles along the path.
BUDD-e can be roughly represented as a control system with three degrees of freedom
and three main controllers.

For a smooth behavior and to ensure the safety of the user, a dedicated distance controller
regulates the longitudinal dynamics of BUDD-e, maintaining the distancd from the user

as close as possible to a reference ayeand adapting its speedv to the user's velocity
Vev| . The control input used is the reference longitudinal velocity of Yap®& . This
module needs to be fed with a measure, or estimate, of the robot-user distance.

Concerning the smart tether, the objective of the control system is to maintain the force
exerted on the user constant and reject the disturbance, identi ed as the relative velocity
between Yape and the user. Various controllers have been developed, depending on the
con guration of the smart tether.

Ultimately, a complete autonomous driving stack must be implemented on the vehicle,
encompassing localization, perception, and global and local planning algorithms. The
latter module is especially important, as it aims to control the longitudinal and lateral
dynamics of BUDD-e to follow a prede ned trajectory and avoid unexpected obstacles.

1.3.5. Tests and suggested improvements

The BUDD-e robot was tested at the ASTT Grande Ospedale Metropolitano Niguarda,
as presented in [14]. During these tests, some volunteers (either totally blind or visually
impaired) allowed us to evaluate the system's functionality and usability.

During these tests, the participants completed a prede ned route within the hospital,
and their experiences were documented. BUDD-e successfully guided volunteers through
the hospital, including complex spaces like narrow doorways and crowded areas. Data
collected during the trials showed that BUDD-e could maintain a consistent distance from
users and adapt to their walking speed.
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