Haptic Interface Based on Tactile
Sensors for Assistive Devices

Andrés Trujillo Leon

Department of Electronics
Instituto de Investigacion Biomédica de Malaga
Escuela de Ingenierias Industriales

Universidad de Mélaga

A doctoral thesis submitted for the degree of
PhilosophiceDoctor (PhD) in Mechatronics Engineering

January 2018
‘\.\ )
\‘." h eoc0e ecccce
‘.’002’:’ e00000s oo so00000
Yie Cecece o0 cecces

‘T o N .‘ ‘b‘
ores® lIoima

o , Instituto de Investigacion
UNIVERSIDAD DE MALAGA

Biomédica de Malaga

Electronics for
Instrumentation
and Systems



UNIVERSIDAD
DE MALAGA

AUTOR: Andrés Trujillo Leon
http://orcid.org/0000-0003-4798-1777

EDITA: Publicaciones y Divulgacion Cientifica. Universidad de Malaga

OB

Esta obra estd bajo una licencia de Creative Commons Reconocimiento-NoComercial-
SinObraDerivada 4.0 Internacional:

http://creativecommons.org/licenses/by-nc-nd/4.0/legalcode

Cualquier parte de esta obra se puede reproducir sin autorizacion

pero con el reconocimiento y atribucion de los autores.

No se puede hacer uso comercial de la obra y no se puede alterar, transformar o hacer obras derivadas.

Esta Tesis Doctoral estd depositada en el Repositorio Institucional de la Universidad de Malaga
(RIUMA): riuma.uma.es


http://orcid.org/0000-0003-4798-1777
http://orcid.org/0000-0003-4798-1777
http://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
http://creativecommons.org/licenses/by-nc-nd/4.0/legalcode

Haptic Interface Based on Tactile
Sensors for Assistive Devices

Andrés Trujillo Leon

Department of Electronics
Instituto de Investigacion Biomédica de Malaga
Escuela de Ingenierias Industriales

Universidad de Malaga

Supervisors: Fernando Vidal Verdu
Wael Bachta

A doctoral thesis submitted for the degree of
PhilosophiceDoctor (PhD) in Mechatronics Engineering

February 2018
e
‘\".‘l‘z‘:’ RITTIN -4 seccoe
ALTECA, 880ccce oo ococese
Yie ecece 00 cocooe

‘T o N .‘ ‘b‘
ores® lIoima

o , Instituto de Investigacion
UNIVERSIDAD DE MALAGA

Biomédica de Malaga

Electronics for
Instrumentation
and Systems



YOYIYW 30
AvaISd3nINn




El Dr. Fernando Vidal Verdd, catedratico del Departamento de Electrénica de la Univer-
sidad de Malaga, y el Dr. Wael Wachta, profesor titular de la Universidad Pierre et Marie
Curie, Paris VI, e investigador del Institut des Systemes Intelligents et de Robotique, Parfs,

CERTIFICAN:

Que D. Andrés Trujillo Ledn, Ingeniero T. Telecomunicaciones e Ingeniero en Electrénica
por la Universidad de Mélaga, ha realizado bajo su direccién la Tesis Doctoral que tiene por
titulo "Haptic Interface Based on Tactile Sensors for Assistive Devices" para optar al grado
de Doctor en Ingenieria Mecatrénica, alcanzando los objetivos de investigacién propuestos y

estando debidamente cualificada para su defensa.

Milaga,
Enero 2018

Directores de Tesis: Dr. Fernando Vidal Verdd y Dr. Wael Wachta.
Tutor de Tesis: Dr. Fernando Vidal Verdd.



YOYIYW 30
AvaISd3nINn




A vosotros. . .

...que os habéis acostumbrado a vivir con la maleta siempre a mano. Que a menudo pasdis
tiempo lejos de vuestras familias. Que a veces os sentis solos e incomprendidos. Que sois
vilipendiados por vuestro gobierno. Que sufris unas condiciones laborales indignas. Que

cuando los medios se toman la "molestia" de incluiros en el debate, sois victimas de la falsa

equidistancia. Que en ocasiones sois acusados de ser mercenarios por quienes toman la

-pequefiisima- parte por el todo.

...por dedicar vuestras vidas a hacer que las de los demds sean mds sencillas, agradables y
largas. Por arrojar luz donde hasta ahora habia oscuridad. Por, ademads, luchar por que no
volvamos a las cavernas empleando tiempo que no tenéis, ya que publicéis o perecéis. Por

vuestra inmensurable vocacion y talento. A vosotros, héroes anénimos.



YOYIYW 30
AvaISd3nINn




Acknowledgements / Agradecimientos

La realizacion de una tesis doctoral es un proceso largo, muchas veces arduo y fatigoso. Esta
se ha sustentado en muchas personas que han estado ahi de una forma u otra y que, a veces

sin ser conscientes, han tenido que ver con que llegue a buen término.
Me gustaria dar las gracias a / I would like to thank:

Todas aquellas personas que han participando en los experimentos. Mas de un centenar de
voluntarios de distintas nacionalidades han usado los prototipos presentados en esta tesis
en los distintos experimentos planteados dando lugar a los resultados que la respaldan. Su
participacion desinteresada ha sido crucial. En especial, resaltarfa la siempre presta disponi-
bilidad mostrada por mis colegas del grupo EIS Oscar, José, Julidn y Rafa, y por mi amiga y

coetanea doctorando Estrella. Sois unos conejillos de indias estupendos.

Fernando Vidal. Cuando la relacién que te une a tu director de tesis estd mds cercana

a la amistad que a la supervision formal académica todo es mds sencillo.

Mi madre, que imagino con sentimientos encontrados, consciente de que este es un tra-
bajo bonito, pero a menudo complicado y poco reconocido; a mi padre, por empefiarse en

demostrarme que la divulgacion cientifica es mds necesaria que nunca.
Mi abuela Valle, fuente de inspiracion para todos los que la conocemos.

Wael Bachta, for his valuable comments and recommendations on my work. For invi-
ting me to stay at the ISIR and make me feel at home.

The ISIR’s staff and my colleagues and PhD candidates of AGATHE group, for their warm
welcome and hospitality. At this time all of them are already doctors. In my defense, doctoral
theses are shorter in France (seriously).



viii

Isa. You know that I love you and that sort of thing. However, this document is about
science. In this sense, the results reported by the authors of [1-3] suggest that the following

may be a pertinent question: will you marry me?

k ok ook

El autor de la presente tesis doctoral ha sido beneficiario de un contrato para la Formacién
de Profesorado Univesitario (FPU), perteneciente a los subprogramas de Formacion y de
Movilidad dentro del Programa Estatal de Promocién del Talento y su Empleabilidad, en
el marco del Plan Estatal de Investigacion Cientifica y Técnica y de Innovacién 2013-2016
en [+D+i. Asimismo, esta tesis doctoral también se ha financiado a través del "Proyecto
Sensores tictiles en sistemas mecatronicos para salud", con referencia TEC2015-67642-R, a
cargo del Plan Nacional de Investigacion y fondos FEDER. Durante las estancias en el Institut
des Systemes Intelligents et de Robotique (Université Pierre et Marie Curie), Paris, Francia,
la investigacion se llevo a cabo parcialmente en el marco del proyecto Labex SMART, con
referencia ANR-11-LABX-65 - ANR-11-IDEX-0004-02.



Abstract

Developed countries must cope with the increasing aging of their population. Aging well
requires functional capacity in the daily life activity. This way, assistive technologies have to
face one of the main age related issues: mobility decline. Canes and walkers are prescribed
for people with reduced mobility but still able to walk. However, there is a numerous group
among the elderly with limited walking ability that requires other kind of aid. In this sense,
powered wheelchairs are reported as a means of extending the activity and participation
of their users. These chairs are normally driven through a joystick located at the armrest.
However, this device is not a suitable for all users. Some of them find it difficult and others
need the assistance of another person (those suffering from nervous system diseases, spinal
cord injuries, mental disability, etc). This way, there are cases in which the help of an
assistant is required. Since propelling a wheelchair in day to day life is a hard task that
may cause health problems, it is useful that assistants can benefit from powered wheelchairs
advantages. The common commercial driving solution aimed at assistants consists in another
joystick placed at the rear part of the chair. As it has been previously reported, this device is
not very comfortable and intuitive. Regarding research, many of the related robotic assistive
devices base their interface on force sensors. These devices are costly and hence are a barrier
to market entry.

Considering the above, the present work is dedicated to develop a haptic interface aimed
to fully assist the driving of powered wheelchairs. It is a handlebar intended to be used
by caregivers in the same way as a regular one. Moreover, it is based on tactile sensors,
which are a cost-effective alternative in human-machine haptic interaction. Two prototypes
of handlebar are proposed and the acquisition electronics are described. Besides, a series
of experiments are performed. They are devoted to the study of the issues and specific
characteristics of this tactile interface. A haptic-based driving control is proposed based
on the results of the these tests. This is evaluated in a controlled experiment in which it is
compared with the common attendant joystick. Both objective performance data and the
perception of the users about the driving experience with the handlebar are positive. Results
suggest that the haptic handlebar is a viable proposal to assist caregivers in an intuitive and

effortless way. Finally, the interface is extended to another assistive device such as a cane.



A tactile handle is developed and attached to an instrumented cane. Experiments show that
parameters closely related to the trajectory pitch angle and the load force on the cane can
be provided by the haptic handle. They may be useful for monitoring and improving the
physical therapy of, for example, post-stroke patients that undergo rehabilitation.

Structure of the manuscript

This document is organized in 6 chapters and 4 appendixes as follows:

 Chapter 1 introduces the topic of the thesis, analyzing the background and the state of
the art. A number of shortcomings that justify the proposal of this work are identified.
It also presents the framework within which the thesis has been developed.

* Chapter 2 describes the design and implementation of the haptic handlebar. Prototypes
and their conditioning electronics are detailed. A preliminary driving experiment is

performed.

 Chapter 3 is centered on the work lines that arose from the preliminary experiment
explained in Chapter 2. Four experiments are described and, as a result, a driving

control algorithm is proposed.

* Chapter 4 presents the evaluation of the haptic handlebar. An experiment aimed to
obtain objective and subjective data from the users driving experience is detailed. Then,

the results are discussed.

* Chapter 5 is devoted to the adaptation of the haptic interface to a cane handle. The
implementation of the device and an experiment to evaluate its use in rehabilitation are

presented. The results of the latter are commented.

* Lastly, Chapter 6 summarizes the conclusions of the thesis and provides the ongoing

work and future prospects.

Four appendixes have been included in the manuscript to provide complementary infor-
mation. Appendix A gathers the data extracted from the experiments that were not included
in the main body of the document. Appendix B lists the scientific contributions which have
resulted from this work. Appendix C presents the analysis, through simulations, of the haptic
handlebar effect on the system performance. Finally, Appendix D includes a discussion about
a related proposal in which the authors suggest a control quite similar to that developed in
this thesis.
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Introduction

"Somewhere, something incredible is waiting to be

known."
— Carl Sagan

1.1 Background

Developed societies are getting old, so that facing the increasing aging of their inhabitants
must be a crucial goal. In the coming decades, the predicted population pyramid for these
countries will lose their triangular shape [4, 9]. From 2000 until 2050, the world’s population
aged 60 and over will more than triple from 600 million to 2 billion [10]. The direct causes
behind the lack of young people and the increment of the elderly are a fall in the birth rates
and the rising of life expectancy [11].

Aging well requires health and functional capacity in the daily life activity [12]. Statistics
show that one in six people suffers some kind of disability in the European Union (EU).
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Fig. 1.1 Predicted population pyramid for Western Europe in 2030 [4].

Approximately, a third of population over 75 have disabilities that restrict them to some
extend and more than 20% are considerably restricted [13]. Inside EU-27!, the 52.9% of
disabled people reported that their incapacity causes them mobility difficulties [14]. This is
one of the main barriers to participation and there may be a number of reasons behind it. A
stroke is currently the leading cause of disability in developed countries [15]. Spinal cord
injury (SCI) has an annual incidence of 22 people per million inhabitants in these societies,
which means that more than 130.000 people a year start a life bound to a wheelchair for
40 years or more [16]. Cerebral palsy is also origin of mobility incapacity in people from
their childhood, with an estimation of 650.000 European families with a member suffering
this disease [17]. Apart from these pathologies, mobility decline is one of the major issues
among the elderly; it is strongly linked to aging itself [18, 19]. The oldest old, who are those
over 85, represent a particular challenge as they are the fastest growing sector in developed

populations and have high rates of physical and cognitive impairment [20].

In this context, assistive technology (AT) becomes a key piece in terms of quality life
improvement. This concept comprises any item, piece of equipment, software program,
or product system that is used to increase, maintain, or improve the functional capabilities
of persons with disabilities [21]. It incorporates a wide range of devices from simple,

low-cost devices to complex home monitoring systems that use electronic information and

1Belgium, Denmark, France, Germany, Greece, Ireland, Italy, Luxembourg, Netherlands, Portugal, Spain,
United Kingdom, Austria, Finland, Sweden, Cyprus, Czech Republic, Estonia, Hungary, Latvia, Lithuania,
Malta, Poland, Slovakia, Slovenia, Bulgaria and Romania.
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communication technology [20]. AT has been found to be especially helpful among elderly,
as it allows them to develop the functional activities of daily living safely, increase their
independence and autonomy, prevent comorbidities” and therefore improve the quality of life
and social inclusion [22]. When users are able to walk, the more commonly used assistive
tool to increase gait stability is the cane. A simple single point cane may reduce falls in people
with imbalance. Other gait assisting devices are the walkers. Their main characteristics are
structural simplicity, low cost and great rehabilitation potential [23]. In recent years, research
has provided various examples of these two common assistive tools. The authors of [24-26]
worked on robotic versions of a cane. In [27-30], advanced robotic walkers were presented.
However, as we have seen, there is a numerous group of people with limited walking ability

that require other kind of mobility aid since the latter is not sufficient.

1.1.1 Wheelchair as mobility device

Wheelchairs are often used as an alternative for mobility when a person can not walk at
all. In United States (USA), 3.7 million people were wheelchair users in 2010 [31]. This
number reached approximately 5 million in Europe [32]. There are, basically, two types
of wheelchairs (figure 1.2). The manual wheelchairs (MW) are normally propelled by the
seated individual through the effort of his or her upper limbs. This means that the user has
to be able to exert the necessary strength to propel the weight of the chair structure plus
his o her own body. Although proper for people with arms and hands not affected by any
impairment, MW are not a feasible option for many stroke and SCI survivors. They could
be not suitable for the oldest old either. In such cases, powered wheelchairs (PW) become
a valuable option. For the elderly, PW are reported as a means of extending the activity
and participation [33]. In the USA, a study found that the 44% of people with SCI used
an external-powered wheelchair [34]. Among the 35% of affected by SCI who have two
chairs, a powered version is normally one of them [35]. They normally use it outdoors, where

distances to cover are longer.

These wheelchairs have two motors that power the two main wheels independently to
allow turning maneuvers, including sharp turns. They are usually driven with a hand-operated
joystick located at the end of the armrest. Although a powered mobility is undoubtedly
beneficial, there are people who may not be able to operate theses devices by themselves.
For example, persons with severe disabilities. Clinicians reported that 9-10% of patients
find them extremely difficult or impossible to use in their daily life. Regarding maneuvering

2presence of one or more additional diseases or disorders co-occurring with (that is, concomitant or
concurrent with) a primary disease or disorder.
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Fig. 1.2 Manual (left) and powered wheelchair (right).

tasks, a 40% find it impracticable. 85% of clinicians see every year patients not able to
use a PW since they lack the necessary motor skills, strength o visual sharpness. Up to 9%
of individuals require the assistance of another person [36]. Driving a PW is not only a
problematic issue for people with acute disabilities but also experienced users report having

difficulties performing basic tasks that involve controlling the joystick and maneuvering [37].

Researchers have contributed with many instruments aimed at helping people to drive
wheelchairs. In [38], a steering device for quadriplegic patients is presented. Go and stop
motion is controlled through electromyography signal and left and right cornering is based on
the yaw angle of the user head. Experiments showed that the device was too slow executing
certain maneuvers. An interface based on body motion is shown in [39]. A pressure sensor
located at the chair back captures the changes of the center of weight produced by the natural
body motion when the user wants the chair to move. Besides, a mechanism to assist step
climbing when the approach is oblique is proposed. For this purpose, plates were added
to the front wheels to increment virtually the radius and the wheel in contact with the step
is locked. In [40], the authors make an attempt to improve the straight and circular road
driving of a PW by determining the suitable assisted torque for the right and left torque
using a fuzzy algorithm. For those patients with limited wrist motion due to upper limbs
impairments, an isometric joystick has been developed in [41]. Unlike the conventional
version, this is rigid ant does not move. The experiments revealed that the participants exerted

excessive force using it, probably because its rigid stick does not provide positional feedback.
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This kind of joystick showed worse performance than the position one as a mean of control
among cerebral palsy patients in this evaluation [42].The authors of [43] have implemented a
wheelchair control based on gestures that the person makes with his or her hand. Each typical
chair motion is codified by a gesture that will be identified by an IR sensor. This way, the
engines are activated according to the detected command. Other examples like [44] and [45]
incorporate a joystick equipped with force feedback in their proposal. The former uses
sixteen sensors to detect the nearest obstacles and a Microsoft Sidewinder Force Feedback
joystick 2 that provides a feedback modulated for the obstacles recognition to operate the
chair. The authors of the latter use a laser rangefinder for the same purpose. They translate
the distance to obstacles into force feedback using a commercial device called 3D Haptic
PHANToM Omni that also makes the function of joystick. The same idea has been exploited
in [46], where the novelty is that the obstructions are detected by processing the images
captured by a camera module. Alternatively, the joystick force feedback of [47] does not try
to help the user correcting the trajectory according to the obstacles but it does based on the
floor surface orientation. This way, it helps to rectify the wheelchair tendency to flow to the
lower direction when going up a slope. In the work showed in [48], authors developed an
interface with a touch panel display. The display shows an overhead image from a vision
sensor of the chair and its surroundings so that the user can move anywhere by touching
directly the image. The prototype presented in [49] allows control a wheelchair by cervical
movements. The required signals are extracted from two accelerometers, one in a helmet that
the user wears and the other in the chair base. Authors of [50] propose to control the chair
by voice commands. Besides, the speed depends on subtle variations of the fundamental

frequency of the user’s humming.

These are only some examples of the bibliography. Research has been particularly prolific
in this field of AT for the last 30 years. However, almost none of the prototypes reach the
final user and one of the main reasons is the implementation cost [S1]. Moreover, many
of them are not suitable for severe disabilities that involved cognitive issues as dementia,
common condition among the oldest old, or acute cerebral palsy. Alzheimer and Parkinson
patients or those visually impaired are excluded as well. In short, as seen there is a group
of wheelchair users for which it turns out impossible to operate it with the current means.
In such cases, the assistance of other person that helps them in everyday life with the chair

handling is unavoidable. This figure is normally known as caregiver.
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1.1.2 The caregiver

According to the Cambridge Dictionary a caregiver is "someone who takes care of a person
who is young, old, or sick". Other words referring to the same person can be "carer",
"assistant" or "attendant". A common image of this figure is the physician, the nurse or the
social worker. However, the term does not describes only healthcare providers. Increasingly,
the role of the caregiver role is assumed by family members or friends of the person suffering
from chronic illness or disability [52]. Caring is a hard task that, often, has a negative impact
on the assisting person. The study in [53] is centered on informal caregivers and found
that the 81% have sustained injuries during caring. They suffer also psychological health
problems such as fatigue, anxiety and depression. The median age of them was 70.

If we focus on the caregivers whose main responsibility is pushing a wheelchair the
situation persists. The majority of these carers reported a broad range of health problems [54].
Most of them are over 50 years and present age-related issues that suppose obstacles to care
giving [55]. Musculoskeletal problems, including back and shoulder injuries, were common
among the participants of this study [54]. Overall they were spouses and the 75% provided
full-time care. The cited work has identified an aging population of carers in which the
83% have at least one problem related to heart, balance, breathing or bodily pain. Other
complicated point is going up or down a ramp. Apart from the greater physical effort, coping
with this activity may cause psychological anxiety to carers [56]. In view of the above, AT
can be a determining support. Its use by disabled people has shown to improve the carers
well being as it alleviates the caregiving tasks [57]. The attendants who support users of PW
are less likely to suffer physical pain and health problems in comparison with those who
propel a MW [54]. Moreover, some National Health System wheelchair and seating services
specifies that there are exceptional circumstances that makes a MW impossible to push by a
carer [58]. This happens when:

* The seated person weight is over 115 kg and the weight difference between the
attendant and the patient plus the chair is greater than 38 Kg.

* A MW for a particular user would require a configuration difficult to propel (extended

wheelbase, forwards position of the gravity center, etc.).

* The patient’s MW would be inherently heavy to propel because he or she would need
medical equipment essential to life, heavy seating systems, etc.

As we have seen, there are situations where the use of a PW is almost mandatory even

when an assistant gives support. Nevertheless, despite being an important improvement
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Fig. 1.3 Senior couple in which the wife has the role of wheelchair attendant.

compared to MW, it is well worth remembering that this kind of chairs also present a number
of problems related, generally, to its handling (see Section 1.1.1)

1.1.3 Wheelchair driving options aimed at caregivers

There are various proposals that aim to provide help when the caregiving labor involves
pushing a wheelchair. On the one hand, the most usual commercial solution for PW is the
attendant joystick [59] (figure 1.4 left). It is placed at the rear part of the chair to be operated
by the caregiver. The idea is exactly the same of the user joystick located on the armrest
and, in fact, the control can be dual, that is to say, carried out by the two joysticks. The
main weakness of this option is that it has the negative implications already seen. Basic
maneuvering can be difficult to perform, all the more considering that the carer is frequently
elderly. Besides, works as [60], which involved the figure of the user in the design of smart
mobility aid, determined that a joystick may cause oscillatory motion when the person walks
using it.

On the other hand, a relatively new offer is the attendant controlled PW. It is a PW
specifically designed to be driven by an attendant [61]. There is no joystick for the occupant
and the one for the assistant is replaced by a handle that makes the driving more intuitive.
The device works as follows: when the carer pushes the wheelchair through the handle, this
presses an internal switch that activates an engine that propels onwards the chair. In this way,

it can be quite useful when going up hills or ramps. Nonetheless, it does not suffice to steer
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Fig. 1.4 Attendant joystick mounted on a wheelchair (left). Add-on to assist electrically a MW (right).

the wheelchair as turn maneuvers are not assisted and they fall entirely on the carer. Another
inconvenient point is that if the user wants to go backwards, the chair must be stopped and
he or she has to switch the operation mode through buttons, which makes the driving more
contrived. A similar proposal available on the market is the electrically assisted MW [62].
This solution consists in adding an accessory to a MW that assists its driving propelling it in
the same way as the previous system. The major components are the handle and a engine
attached to a wheel (figure 1.4 right). As can be inferred, it has the same advantages and

drawbacks of the former option.

Although not so extensive as that focused on the occupant, research targeted at the
assistants has given rise to some approaches. The one reported in [63] presents an assisting
controller based on the force-velocity relationship. It generates an assisting force when
the attendant’s propelling force exceeds a threshold. However, it does not contemplate
steering and only simulations results are presented, so no hardware is proposed or evaluated
to measure the input force. Kakimoto et al. also propose a prototype of a power-assisted
attendant propelled wheelchair that detects the caregiver propulsion force through a force
sensor placed on the shaft of the handling bar [64]. Although the impulsion force is reduced
by 50 to 60%, the behavior is unstable under certain conditions. Again, it was not intended
to help in steering but in climbing ramps. In the same vein, authors of [65] introduce a haptic
handlebar to assist a shopping trolley driving. Although the weight to propel does not come
from a wheelchair, the idea is the same: assisting the push of a heavy load on wheels. The

device uses strain gauges to measure forces. The tests performed for its evaluation did not
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provide good results since most participants did not find the trolley easy to move [66]. A
power assist system for omni-directional transport of wheelchairs is exposed in [67]. The
input force of the attendant is measured by a force sensor attached to the handle of the
chair. The effectiveness of the proposal was tested, although only in the laboratory and not
in real situations. Another interesting device is presented in [68]. It is a combination of
wheelchair and walker, so it can be useful to both the occupant and an elderly caregiver
that needs walking support. The admittance based controller the authors used has proven
to have a good performance controlling the pushing force, which is first acquired from the
carer through a force sensor placed between the handle and the robot structure. Murakami et
al. [69] propose a sensorless power-assist control that detect the caregiver’s input, classified
into straight or cornering mode, according to a reactive acceleration estimation observer.
This feature is based on the translational velocity and the chair direction angle. The same
author also participated in other version of the system which incorporated the function of
step passage [70]. Both proposals would be less robust than the equivalent that uses force
sensors since it seemed to be based on positive feedback control loop. In the work presented
in [71], the authors combine the user input, acquired by two force sensors, with an estimation
of the environment disturbance detected using a reaction force estimation observer. The

result is an adaptive force control that allows an improved operationality and ride quality.

1.2 Haptic interface for wheelchair attendants

In the preceding section, many driving options centered on caregivers were presented.
However, they all present some kind of inconvenience. On one side, the commercial proposals
have principally two drawbacks. They consist in either awkward and difficult to operate
instruments or systems that do not provide complete assistance to the caregiver. On the
other side, although the exposed research examples have had more or less success coping
with these problems, they are not a valid and realistic alternative. As seen in Section 1.1.1,
unfortunately, the implementation cost prevents them from reaching the market and most of
them will never make it out of the laboratory. One of the main reasons behind this has to
do with the way in which the user interacts with the system. Typically, the user intention is
identified by measuring the force that the person exerts and this is usually made using force
sensors. This type of sensors can be very expensive. Considering the above, our approach

must pursue the following goals:

1. It has to be easy to use and does not need much training. Usability is directly related to

intuitiveness.
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2. It must provide complete steering assistance. The system has to help the caregiver with

the typical maneuvers carried out when driving a wheelchair.

3. It must be cost-effective. It supposes to avoid working on a project whose implementa-

tion cost is a known obstacle from the very beginning.

In order to achieve the first objective, the form chosen for the interface presented in this
document is the handlebar. A handlebar is a familiar tool for most people. They are linked
to everyone’s life from the childhood since they are the key steering component of bicycles,
motorbikes, supermarket or airport trolleys, etc. This way, normally, all of us know how
to operate a vehicle through its handlebar. The idea is to take advantage of this common
ability to design a device that can be used from the very first moment without the need for a
complicated training. The second point will be pursued throughout the design of the system,
as it will be seen in the next chapter. Finally, the cost-effectiveness of the proposal will be
based on the choice of the proper technology. As it can be supposed, the interaction between
the user and the device will be haptic. Haptics is a term not too well known to the public that
comes from a Greek word that means "to come in contact with" [72]. Hence, this concept has
to do with all that associated with the sense of touch and, as the Oxford Dictionary points out,
"in particular relating to the perception and manipulation of objects using the sense of touch".
Most of the bibliography examples reported in the Section 1.1.1 and 1.1.3 included a haptic
interface since they increase the intuitiveness and ease the handling. Thus, the user of our
system will use his or her hands to grasp the handlebar in the same manner as conventional
one and he or she will exert forces according to his or her intentions. Inferring what the user
wants to do requires measuring the stimuli on the handlebar. This is a key point since this
task must be performed avoiding force sensors. A cheaper alternative to the latter are the

tactile sensors.

1.2.1 Tactile sensors

Tactile sensors are often used not only in human-machine interaction, but also in autonomous
or remotely controlled robots. In this case, they are arranged forming a tactile skin whose
function is to equip the robot, normally its arms or hands, with tactile sensing [73]. The main
robotic tasks involving these sensors are object manipulation, object exploration -features
as texture, temperature or softness/hardness can be measured- and reaction tasks where the

robot reacts to the stimuli applied at a contact point or area [74].
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Tactile sensors are widely used in biomedical applications. They are a basic component
in minimally invasive surgery, in which their function can range from tissue and tumors
palpation to micro-tactile perception in intravascular neurosurgery [75-80]. They are also
used in prostate cancer detection and biopsy samples analysis [81, 82]. Morever, they
are helpful to measure blood pressure [83] and to perform intelligent colonoscopes [84],
laparoscopes [85] and endoscopes [86]. They contribute in the detection of cognitive failures
while driving [87], in the treatment of children with autism [88] or to improve the body
balance and thus to prevent pressure sores formation in patients with spinal cord injuries and
falls in older and/or disabled adults [89].

A common way of classifying tactile sensors is according to their principle of transduc-

tion [73, 90]. Following this criterion, some of the the best-known are:

1.2.1.1 Capacitive tactile sensors

Capacitive tactile sensors are made up of two conductive plates with a dielectric material
between them. They share the same operation principle as parallel plate capacitors, for which

the capacitance is:

A&yE,
d
Where A is the overlapping area of the two plates, & is the vacuum permittivity, &, is the

C = (1.1)

dielectric permittivity and d the distance between the plates. The most usual approach is
based on the variation of d when they are pressed. Changes in this parameter makes the
capacitance, C, vary and become a pressure-dependent variable. They are very sensitive
and have a good frequency response, a high spatial resolution and a wide dynamic range.
However, its conditioning electronics is complex since they are susceptible to noise, field

interactions and parasitic capacitance.

1.2.1.2 Piezoelectric tactile sensors

Piezoelectric materials generate a voltage potential that depends on the applied pressure due
to deformations in their crystal lattice. These sensors are built with certain ceramics, crystals
and polymers with the latter characteristic. They are suitable for dynamic tactile sensing
such as vibrations since they show a good high-frequency response but they are not capable

of measuring static stimuli.
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1.2.1.3 Inductive tactile sensors

They consist of two coils so that one of them (the primary) induces a magnetic field which is
measured by the other (the secondary). The modulation of the mutual inductance between
the coils, for instance modifying the length of an iron core, is translated into a modulation of
the amplitude and phase of the voltage sensed in the secondary coil. This kind of sensors
have a high dynamic range and are often robust. Nevertheless, they are bulky in size and
therefore not suitable for mesh configurations. Besides, their repeatability is very poor due
to their mechanical realization and the fact that coils do not return to the same position in

consecutive readings.

1.2.1.4 Optical tactile sensors

These sensors measures the pressure through the change in light intensity. The transduction
occurs when the pressure causes changes in the tactile medium modulating the transmission
or reflectance intensity or the spectrum of the light. Their main benefit is immunity to elec-
tromagnetic interference commonly produced by electrical systems. Among their drawbacks
we find low spatial resolution as they are bulky and rigidness. In addition, the loss of light

because of microbending and chirping leads to signal distortion.

1.2.1.5 Strain gauges

Strain gauges are used to measure force rather than to sense pressure or contact. Nevertheless,
due to their popularity they have been included in this section. They are sensitives to
mechanical strain and are normally attached to a substrate. The changes of the exerted force
are measured through variations of the electrical resistance. Their main advantage is their
low cost. Some of their weaknesses are that they are significantly affected by temperature
changes, they have hysteresis and a non-linear response. Besides, they can not be retrieved
after being overloaded. These were the sensors used in the haptic handlebar presented in [65]
and, as mentioned in Section 1.1.3, the results were not good.

1.2.1.6 Piezoresistive tactile sensors

They usually consist of a piezoresistive material, that is to say, that one whose electrical
resistance depends on the applied pressure and the contact location. They are an economic

option since its construction is as simple as placing a piezoresistive film onto or between two
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electrodes. They are easy to arrange in mesh configuration as well. The sensing material is
often a conductive rubber, an elastomer or a conductive ink. Apart from the cost-effectiveness,
they have a good sensitivity, low noise and require simple conditioning electronics. On the
negative side, they have large hysteresis and a power consumption higher than other options.

This has been the option chosen for the proposal of this manuscript. On the one hand, it
fulfills our requirement of using cost-effective sensors. Not only because of the sensors cost
but also because the electronics is simple and, therefore, cheaper than for other alternatives.
On the other hand, they have good features such as high sensitivity and readings relatively
unaffected by noise. Regarding the first of the mentioned drawbacks, the processing will
have to be realized in a way that hysteresis does not alter the proper functioning of the system.
With respect to the other, the consumption will not be an obstacle; the sensors circuit power
supply will come from the PW high-capacity batteries. Thus, it will be negligible compared
to the power that the wheel engines need. The specific models of sensor used to cover the
handles and, thus, implement the tactile skin in our device are the Force Sensing Resistor
(FSR) 402 and 408®, by Interlink Electronics [91, 92], a mature and reliable product with
proven good performance.

1.3 Haptic interface for other assistive systems

Although the device this thesis is centered on is a haptic handlebar to help caregivers involving
wheelchairs operating, the presented ideas could be exploited by other assistive devices that
suffer from the already commented implementation cost difficulty. Many of the research
works cited in previous sections have an user interface based on force sensors so that if
they were replaced by tactile sensors the chances in getting the market could improve. Two
concrete examples of instruments whose interaction with the user have been often carried out
with force sensors are robotic walkers and canes. Regarding the former, in [29], the authors
have developed a walker that provides guidance for old people with cognitive impairment.
The walker presented in [30], in addition to the gait assistance, has the ability of navigating
autonomously to its owner without collision, what is useful among elderly people which
sometimes forget the location of their assistive device or are not able to walk by themselves
to the place where the walker is. The function of the walker shown in [93] is to help people
work their remaining locomotion potentials when they have to undergo rehabilitation. In
this vein, the walker in [94] intends to be useful for ataxia® rehabilitation. The device

introduced in [95] helps elderly people during the sit to stand transfer. Besides, assisting

3Lack of muscle coordination when a voluntary movement is attempted.
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force is provided in case of instability. All these prototypes have one point in common: their

handles or forearm support are equipped with force sensors.

The situation is not different if we look at canes. The authors of [26] work on an active
haptic cane that can provide efficient gait training modes to chronic stroke patients. The
intention is detected thanks to a tilt sensor placed in the handle and a force sensor located
in the middle of the shaft. The cane robot developed by the authors of [96, 97] detects falls
analyzing the center of pressure and improves the stability through real-time posture control.
A force sensor has been included in the handle. The user interface is also based on force
sensors in the canes presented in [98], [99] and [100]. The aim of the first two is to avoid falls
whilst the third one, adittionally, improves the assistance taking into consideration the proper
usage of an ordinary cane using on-shoe sensors that the user wears. The omnidirectional-
type cane robot shown in [101] is designed for aiding walking of elderly and handicapped
people, so its functions include guiding, fall preventing and rehabilitation training. The user
intention is inferred from the readings of a force sensor embedded in the handle, again. The
reported experiment results are good. This publication is specially paradigmatic since the
authors themselves recognize the problem and suggest a possible solution in the Conclusion
section: “[...] the interface between the human and the robot is the multiaxis force sensor,
which is expensive and fragile. To lower the cost and improve the system reliability, in
the future, we would like to construct a low-cost sensing system comprising cheaper force

sensors (e.g., force sensing resistors) [...]”

In this doctoral thesis, a first approximation to cope with this issue has been developed.
The proposal consists in the design and implementation of a haptic cane handle based on
tactile sensors, specifically FSR sensors. The idea is to have a tactile handle that can be
attached to different types of canes (robotic active canes, monitoring canes, etc.) and provide
information about the patient interaction during its use. The details of its implementation,

the experiments and the results achieved will be addressed in Chapter 5.

In addition to benefiting walkers and canes interfaces, it goes without saying that the
extension of the haptic handlebar could be direct in the case of common mobility devices

such as supermarket trolleys, floor cleaning machines, gurneys, etc.
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1.4 Framework of the thesis

1.4.1 Research group

This thesis has been developed within the research group "Electronics for Instrumentation and
Systems" (EIS), of which the author is member. This group is formed by eight researchers
and is mainly devoted to the field of the smart tactile sensors, with an special interest in their
applications in assistance to disabled or elderly people. Generally speaking, four research

lines can be described:

1. Characterization and modeling. It involves the research on tactile sensors based on
polymers on flexible printed circuit boards or made with screen-printing. The key
point of this technology is the cost-effectiveness. Sensors are characterized to know
they performance in terms of linearity, hysteresis, drift, etc., information that is used in
the design loop of new sensors. In addition, these results are useful to build models to
simulate different approaches without the need of implementing the real sensor and,

therefore, saving resources.

2. Hardware. The group has implemented conditioning electronics specialized in the
acquisition of tactile sensors. Circuits based on a PSoC and a microcontroller has
been designed. Moreover, a innovative hardware based on a FPGA that does not need

external analog-to-digital converters has been proposed.

3. Algorithms. They are aimed at compensating the errors of linearity, hysteresis, drift
and mismatching between the different tactile elements in a post-processing stage.
Besides, this line is also focus on studying which information extracted from the sensor
is relevant at the application level.

4. Applications. The main idea behind this line is to put the knowledge acquired through
the other research lines into practice with specific applications. As said before, assis-
tance and rehabilitation are fields the group is interested in. This way, it is here where
the work that will be presented in this document becomes relevant. Both the tactile
handlebar and the tactile cane handle are two implementations whose differentiating
factor is the use of cost-effective tactile sensors in a haptic interface. The experience in
sensors (acquisition hardware, behavior, etc.) has been exploited in the development
of the latter devices. This has given arise to new challenges that will be discussed

throughout the manuscript.
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1.4.2 Research projects

This PhD has been carried out in the context of two projects funded by the Spanish Govern-

ment and the European Commission through EFDR funds:

* The project "Tactile Instrumentation and Assistive Living", with reference number
TEC2012- 38653, ended in December of 2015. The team of the project was formed by
eight researches from the University of Malaga and four researchers from CIDETEC,
which is a Technology Center specialized in the areas of materials, surfaces and energy,

and is located in San Sebastian (Basque Country, Spain).

* The project "Tactile Sensors in Mechatronic Systems for Health", with reference
number TEC2015-67642-R, started in January of 2016. The team of the project is
composed of eight researches from the University of Mélaga and two researchers
from the group Assistance aux Gestes et Applications Therapeutiques (AGATHE) of
the institute Institut des Systemes Intelligents et de Robotique (ISIR) at the Pierre et
Marie Curie University (Paris, France). This group is devoted to assistive robotics.
The researchers from the University of Malaga are also affiliated to the Institute of
Biomedical Research in Mdlaga (IBIMA), which facilitates the access to resources
in the biomedical area and also collaborations with other professionals in the field to

achieve the transfer of the research results.
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"Every honest researcher I know admits he’s just a
professional amateur. He’s doing whatever he’s
doing for the first time. That makes him an amateur.
He has sense enough to know that he’s going to have
a lot of trouble, so that makes him a professional.”

— Charles Franklin Kettering

In this chapter, the implementation of the haptic handlebar will be introduced. Firstly, the
system scheme and its main operating principle is presented. Later, the physical implemen-
tation of two prototypes of the device is detailed. Moreover, the conditioning and control
electronics that captures the sensor information and activates the powered wheelchair engines
is also described. Lastly, a preliminary control algorithm and an little experiment aimed to

test the first version of the system are explained. The conclusions of the latter are given.
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2.1 System architecture

In order to understand the system operation, Figure 2.1 can be helpful. As explained in the
previous chapter, PWs can be steered with a joystick and, normally, all of them incorporate
one. The strategy that has been employed consists in making use of this fact to develop a
direct and convenient PW-haptic handlebar interface. The handlebar control electronics has
been designed so that it can be directly connected to the PW joystick socket. This way, the
control signals are the same of those provided by the joystick. Details about the emulation of
the joystick will be exposed in Section 2.3.1. Considering the above, the PW can be driven
using either the handlebar or the joystick, alternatively.

Conditioning and Haptic

control electronics - handlebar

— [ —

Tactile image Hand
stimulus

Control
inputs l lzmld 2
stimulus .
’ PW operated with
Control haptic handlebar
inputs
- -
PW operated with
Wheelchair wheelchair joystick
Joystick
Powered
L wheelchair
Activation
Movement

PW engines

Fig. 2.1 System operation scheme.

Black arrows in Figure 2.1 represents the workflow of the handlebar operation. Firstly,
the user grasps the handlebar. This will result in certain pressure on the tactile sensors.

Gathering the sensors reading a pressure map can be built. The control and conditioning
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electronics is in charge of this task. Besides, it performs an analysis of the data in order to
infer the attendant steering intention. In accordance with the latter, the appropriate signals
are generated. These are the inputs of the PW control module. This element comprises, on
the one hand, the PW user interface so that it includes several buttons and a joystick, and,
on the other hand, the PW central processing unit. Hence, it controls all the PW functions.
According to its inputs, it communicates to the PW power module how the wheel engines
have to be activated. Once the power is supplied to the engines, the PW moves based on the
inferred user intention. In the next sections, the relevant components of the operation scheme

will be covered.

2.2 Tactile handlebar

Tactile sensors are often arranged in mesh configurations. This option provides information
about the pressure distribution in an specific area, that is to say, it is possible to know both
the contact points and the pressure on each of them. This way, the reading of the group of
sensors corresponds to a pressure map, also known as tactile image. Every individual sensor,
which represents a point of the tactile image, is called tactel, a term formed by the union of
the words "tactile element". The origin is in an analogy with traditional images and the word
pixel, that comes from "picture element". A tactel contains information about the pressure in

one spatial point in the same way that a pixel does likewise with brightness/color.

Columns

W

hdbdidb
hdhdb.

Fig. 2.2 4x4 mesh with tactels arranged individually (left) and in form of columns and rows (right).

In order to obtain a pressure map, all the tactels have to be read. Scanning them simulta-
neously would be the most accurate way of getting the pressure information. However, this
method would require many resources since every sensor should be wired individually to the

conditioning electronics, which should have a large addressing capacity (see Figure 2.2 left).
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Besides, it would also imply that the electronics had one analog-to-digital converter (ADC)
per tactel. This approach is too costly and not normally used. Pressure maps are commonly
obtained by reading the tactels value sequentially. Moreover, they are usually arranged
in rows and columns, configuration that minimizes the addressing and analog-to-digital

conversion necessities (see Figure 2.2 right). This is as it has be done in this work.

Regarding the physical implementation, and reminding that the selected tactile technology
was the piezoresistive, there are mainly two ways of building a tactel mesh. One of them
implies the use of an array of interconnected discrete force sensing resistors. This way, every
tactel in Figure 2.2 would be an individual FSR element that can be a commercial model and
that is connected with the others according to the chosen organization. The other consists in
the implementation of the whole structure as a single matrix, normally through an array of
electrodes with a continuous conductive rubber or polymer sheet placed atop [102]. Each
tactel is formed by a pair of electrodes covered by a little area of this material, which acts as
piezoresistive link between the contacts. This method is cheaper since no commercial sensors
are used. However, it usually presents a worse response as it is more sensitive to interferences

between tactels. The first alternative was that used in the design of the handlebar.

100k~
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Fig. 2.3 Resistance/Force dependance for the FSR® 400 series (extracted from [5]).

A first prototype was developed using the commercial sensor FSR® 402 [91] as tactel.
FSRs are piezoresistive tactile sensors made of polymer thick film that can be seen, from
the electrical point of view, as variable resistors. Therefore, the higher the force applied,
the lower their electrical resistance. Figure 2.3 can be found in the product data sheet and
quantifies this phenomenon. These sensors consist of four distinct parts stacked one above
the other (see Figure 2.4).

The bottom layer is the substrate where the electrodes are printed. The contacts have

the shape of combs whose teeth are intermingled, what enhances the response to pressure
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stimuli. A spacer is placed between this layer and the piezoresistive substrate. Its function is
to prevent the electrodes and the piezoresistive material from being in contact in the absence
of pressure. This way, only when the sensor is pressed, the piezo-layer is deformed, it passes
through the spacer and touches the electrodes allowing the current to flow. Note that if a rigid
object with flat bottom is deposited on the sensor, the conductive material does not make
contact with the electrodes and the sensor registers no data [103]. Nevertheless, the hands
surface is soft and penetrates the spacer gap when grasping the handlebar, so it is not affected
by this issue. The last part is just an adhesive to fix the sensor where necessary.

Adhesive

Piezoresistive
substrate

Spacer

Bottom substrate

Fig. 2.4 FSR® 402 sensor structure.

Once tactels are grouped, the structure dimensions have to be taken into account. On the
one hand, the handles should be long enough to ensure that the hand surface is in contact
with the tactile area, having in mind those users with wide hands. On the other hand, the
handlebar diameter is specially important since it affects the performance. If it is too small,
there is space for very few rows and the matrix vertical resolution decreases. If it is too big,
the handlebar can be awkward to use. Moreover, the work of Edgren et al. [6] shows that
the diameter influences clearly the gripping force (GF'). An appropriate handlebar diameter
can reduce the effort, what prevents fatigue and overexertion. According to this study, when
the diameter is 38.1mm the registered GF' is maximum. Since the tactel size is a geometric
constraint, we tried to keep it as close as possible to the latter value. The closest to 38.1mm
diameters tested by the authors were 25.4mm and 50.8mm. As plotted in Figure 2.5, the force
was higher for 50.8mm than for 25.4mm. That is to say, if a diameter of exactly 38.1mm is
not possible, GF is higher by exceeding this number than remaining below. Besides, if we
are rigorous, capturing GF for these concrete diameters what the authors have proven is that
the force peak is withing the range of [38.1mm,50.8mm), probably nearer the first value.

Additionally, the study also found that a diameter close to that value increases the

force component parallel to the ground plane (Fy in Figure 2.5 right). This is particularly
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Fig. 2.5 GF/diameter dependance when grasping a circular handle (left). Force components on the
handle (right). (Both extracted from [6]).

interesting in our application, since it is the wheelchair movement plane and that in which
forces to perform the different maneuvers are exerted. This way, it contributes equally to
prevent fatigue in the driving process.

Given the above, an array of 6 x 12 elements was built as the handlebar tactile cover.
As it is shared by the left and right hands, the structure was divided into two sub-arrays of
6 x 6 tactels, one for the the left handle and the other for the right one. The tactile matrix
schematic is shown in Figure 2.6.

|
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Fig. 2.6 Matrix schematic of the first handlebar prototype.

It was composed of one rigid printed circuit board (PCB) per row in each sub-array. The
PCBs were joined together with soldered flexible tinned bridges that make the columns of
the matrix. The tactels were soldered on the upper side of the PCBs. They must lie on
a flat surface as they are sensitive to folds that cause undesired interferences [103]. The

assembled structure was mounted embracing a bar of vinyl polychloride (PVC). It can be
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seen in Figure 2.7. The resulting handlebar has a diameter of approximately 42mm and an

active area length of 117mm in each handle.

This first prototype was used to carry out preliminary experiments that focused on
studying how the force maps evolved while an attendant interacted with the handlebar.
Despite the tactile response was good, the tinned bridges that join the PCBs were fragile
so that, when someone grasped the structure tightly, they frequently broke and the cover
had to be taken apart for repair. This fact was a source of persistent delays and led to the
development of a second prototype.

Fig. 2.7 Tactile sensors matrix prior to embrace the PVC bar (left). Resulting implementation (right).

The new version was more robust. It was also cheaper than the old one since the number
of tactels was reduced from 72 to 16 by removing the horizontal dimension of each sub-array
(this measure will be explained in Section 2.4). This reduction also made the scanning faster.
Besides, the vertical resolution was increased in two tactels. Hence, the new tactile matrix
had 8 x 2 elements. The pressure sensor used was the FSR® 408 [92]. It is also manufactured
by Interlink Electronics and has the same parts that were previously described for the model
FSR® 402. It is marketed in form of strips with a length up to 609.6mm. In order to adapt it
to our requirements, the sensor length was modified to obtain a tactel of 120 x 16.5mm. One
tactel were fixed on each side of two PVC octagonal pieces, one per handle, with the purpose
of having a flat support surface. The electrical contacts were oriented toward the handlebar
center. Thus, the connections were out of the grip area and could be protected with a plastic
cylindrical covering. This made it resistant to excessively high gripping forces. Both handles
were covered with plastic transparent film to protect the tactels from the environment. A
LCD display was added in the middle in order to show messages to the user. The diameter of
the resulting handlebar is 42.5mm. The length of the active area of the handles is 120mm.

Figure 2.9 shows the second prototype of tactile handlebar mounted on a commercial PW.

Note that it is fixed on the ends and there are no elastic joints in the resultant structure.
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Fig. 2.8 Matrix schematic of the second prototype (left). Handlebar implementation (right).

Fig. 2.9 Second prototype mounted on a commercial PW.
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Once the implementation of the tactile handlebar has been explained, the next section
will be focused on the electronics in charge of carrying out the pressure maps readings and

activating PW engines accordingly.

2.3 Control electronics

The conditioning electronics has been designed to be able to scan piezoresistive matrices,
considering the undesirable effects that appear in this configuration. As tactels are intercon-
nected, parasite resistive paths may arise between them. This could produce crosstalk that
affects to the read value. The electronics schematic can be seen in Figure 2.10. It is based
on a PIC18F4680 microcontroller by Microchip Technology, which is a versatile and cheap
device. The matrix rows are connected to analog switches which are activated through the
microcontroller digital outputs. Each column is wired to the inverting input of a transimpe-
dance amplifier. The reading procedure is as follow: digital ports activate the switches so
that the selected row is grounded. At the same time, the others are connected to a reference
voltage, Vgrer. Note that Vg is also the voltage at the amplifiers non-inverting input. Due
to the virtual short across the amplifiers input terminals, the tactels of the non-selected rows
have the same voltage in both terminals!. This cancels any possible resistive path and, thus,
inter-tactel crosstalk. For the tactels of the grounded row, resistance changes are turned
into voltage variations by the transimpedance amplifiers. The amplifier output for the blue

element in Figure 2.10 is exposed in Equation 2.1:

Rg

Vour,;(V)=| 5—+1 ) Vrer (2.1)
Rl,]

where R; ; is the resistance of the tactel to be read. Note that, whereas R; ; depends exclusively

on the pressure, Rg can be freely chosen to module the conversion gain.

The amplifiers outputs are connected to the analog channels of the PIC18F4680. They
are multiplexed so that only the signal at the chosen channel passes to the microcontroller
analog-to-digital converter (10 bit resolution for the A/D conversion). Note that when the
tactel to digitize is not pressed R; ; is maximum, ideally infinite, so according to Equation 2.1,
Vour,; is equal to Vggr. Since R; ; is in the denominator, this voltage will be the minimum
at the ADC input. For this reason, if Vggr is too high the dynamic range at the ADC input
would be greatly reduced. It should not be too low either, since this could affected to the

gain, being Vger a multiplicative factor in the equation.

'In reality, there is a small voltage difference between the terminals, but it is negligible in our application.
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Fig. 2.10 Conditioning and control electronics schematic.

With the row of interest grounded, analog channels are one by one activated and all the
columns of the latter are digitally converted. The procedure is repeated until the whole matrix
is scanned and the digitized pressure map is available in the microcontroller memory. An
algorithm analyzes it in order to extract the attendant driving intention. Once it is inferred,
the PW speed is updated. As mentioned in the first section of this chapter, it is done through
the joystick electronics. The joystick provides the PW control module with a set of analog
signals that codify the PW speed at any moment. An external digital-to-analog converter
(DAC) is used to carry out this function. The algorithm output is transferred via I?C bus to
the DAC, whose outputs are connected directly to the joystick socket. The joystick emulation

is addressed in the next point.

Moreover, an UART to USB converter has been added. This allows the board to send
data to a computer via USB, what can be useful for further study. The described electronics
is powered by the wheelchair batteries, through a voltage regulation.
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Fig. 2.11 Conditioning and control electronics implementation.

2.3.1 Joystick emulation

Two different wheelchairs have been used in this thesis. The first was the F35 by Sunrise
Medical [104]. It was replaced by a Bora from Invacare [105] after suffering damages when
it was being transported. The control solution both of them are equipped with is the DX
System by the company Dynamic Controls [106]. This system integrates the power unit and
the master control module (called DX Master Remote by the manufacturer). The first of
them supplies with energy the wheel engines and the chair accessories that requires it (such
as seat actuators, etc.). The other gives instructions via CAN bus to the former about how to
perform its task, that is to say, which wheelchair parts has to be activated and when. The
communications bus is closed and there is no information available about its content, so
the specific commands in charge of movement are unknown. This way, it was necessary to
explore other alternatives to make the PW move. Since the joystick is the accessory whose
manipulation produces the PW movement, the chosen strategy was to study its outputs in
order to emulate it in a reverse engineering process. The DX System supports several control
modules; the one that our PW equips is the REM24SD [107]. It has to be opened to access
to the joystick connections. There are six colored wires between the REM24SD board and
the joystick. Forward, backward, right turn and left turn maneuvers were done while the
evolution of the signal that each wire carries was studied. They vary between OV and 5V

according to the PW movement, concretely as exposed in Table 2.1.
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Table 2.1 REM24SD - Joystick interface signals.

Wires voltages (V)

VReD | VBrack | VwaiTE | VBLUuE | VBrROWN | VYELLOW

Stop 5 0 2.5 2.5 2.5 2.5

§ Forward | 5 0 2.5 25 | 0-25 | 25-5
S | Backward | 5 0 2.5 25 | 25-5 | 0-25
S| Lefrun | 5 0 0-25 |25-5| 25 2.5
Right turn | 5 0 25-5(0-25| 25 2.5

Voltage signals have been called by the color name of its associated wire. Two of them,
Vrep and Vprack, do not change during the joystick operation. They are the supply voltage
(5V) and ground (0V), respectively. The others can be grouped into two couples. ViygiTe
and Vpryg vary when turns are performed. In the absence of turns they remain at 2.5V, which
is the half of the supply voltage. When the chair is turning to left, Vp; g increases above that
level. Vivprre decreases under 2.5V in the same proportion. The bigger the distance to that
voltage, the faster the turn is carried out. The limit is reached when Vpryg is SV and Viygire
is OV. With right turns, what happens is just the opposite. Vpr g changes in the range from
2.5 to OV and iy g7 does it from 2.5 to 5V. The maximum turn speed is reached now when
Verue 1s OV and Viygre 1s SV. This way, it seems clear that these two signals control the

turns speed and they depend on each other.

The same happens with Vprown and Vygrrow and linear motion. When the PW moves
forward, Vy grrow rises above 2.5V. Vgrown 1s reduced below 2.5V in the same amount that
the previous one increases. If the PW moves backward, it is Vgrowy the signal that rises and
Vyerrow the one that decreases. Again, maximum speeds correspond with 0 and 5V and

there is an interdependence between the signals.

In this manner, linear and turning speeds (v, ®) can be controlled by modifying, for
example, Vygrrow and Vv, and the two others can be generated automatically according
to Equations 2.2. The chosen speed control voltages may be named Vjjneqr and V.14, since

they will be used to regulate the linear and angular speeds respectively.

V; V)y=5-V,
BrOWN (V) YELLOW 2.2)

Verve(V) =5 —VwuiTE
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Fig. 2.12 PW speeds according to the control voltajes Vieqr and Vayguiar (previously named Viyyre
and Vygrrow, respectively).

Figure 2.12 gives an overview. The PW movement can be seen as the sum of two
components, linear and turn speed (see Figure 2.13), that are codified by two independent
voltages. Note that when the speed voltages remain at 2.5V, both speeds are zero and the
chair is stopped. If Viuguiar 18 2.5 and Vijpeqr varies, the chair will move in a straight line,
forwards or backwards depending on whether if the latter is bigger or smaller than 2.5V. If it
i$ Viinear the one that remains at 2.5, the chair will turn around itself, clockwise if Vuou14, 18
greater than 2.5V or counter-clockwise it is smaller. When none of the signals are 2.5V, the
chair moves forward or backwards and it turns at the same time. In light of the foregoing,

angular and linear speeds can be expressed as:

v(m/s) = Gsens (Vlinear - 2-5)

(2.3)
o(rad/s) = Gsens (Vangutar — 2.5)

where Gy, may be used to tune the sensitivity through a button of the REM24SD according

to the assistant preferences.

As mentioned in the previous point, the PIC18F4680 executes an algorithm that deter-
mines the movement. Their outputs are the digital version of Vjeqr and V0414, Both of
them (and the two complementary analog signals) are generated by a DAC chip and wired
into the joystick socket.
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Fig. 2.13 PW movement is a composition of linear and angular speeds.
2.4 Preliminary analysis

Pressure data can be processed in several forms. A common way of processing the tactile
images or map of forces in robotic manipulation tasks is the calculation of its center of mass
(also known as center of pressure). The center of mass (CoM) of the tactile image provided
by a sensor with N x M sensing units is defined as shown in Equations 2.4. It concentrates
the data from all the tactels in a single spatial coordinate that provides information about how
the pressure distribution is.
Zivzl Ziiwp(x,y)
X p(x,y)
. ﬁcV:1 Zﬁil%p(x,y)
XM YN pxy)

C, =
(2.4)

where x is the row number, y the column number, p(x,y) the pressure value on the tactel
indicated by the coordinates x and y, N and M are the tactile array dimensions and the point
in coordinates (Cy,Cy) is the CoM.

222 |0
1022 1018
0 0

0 0
0 0
0 0

Fig. 2.14 Tactile image (right) and its center of mass (left) in one of the handles of the first prototype.

This parameter is proposed in this work as a way of processing the pressure map exerted
by the user. By way of example, Figure 2.14 shows the resulting array from scanning
the tactile cover of the first handlebar prototype and its corresponding center of mass. A

preliminary analysis using this prototype consisted in studying how the CoM:s of the tactile
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images obtained by the left and the right handle changed over time when typical maneuvers
were performed. It was observed that the CoM:s shifts could be interpreted since some patterns
were repeated according to the user driving intention. Figure 2.15 gathers an example of the

CoM:s displacements for four common maneuvers.

Left handle Right handle Left handle Right handle

sub-array . sub-array sub-array = o sub-array "
. B ’ 3 B "
|
(a) (b)
Left handle Right handle Left handle Right handle
sub-array sub-array - sub-array | sub-array

(c) (d)

Fig. 2.15 Displacement of the CoMs under different maneuvers registered with the first prototype: (a)
forward movement, (b) backward movement, (c) turn to the right and (d) turn to the left.

With the chair stopped, the handlebar was grasped and each of the four exercises described
in the above figure were carried out. The blue square represents the initial CoM, i.e. the
position of this parameter with the handles grasped but without exerting any additional
force. The red square is the coordinate where the CoM moved once the force was exerted. It
was observed that the CoMs extracted from both handles (CoMg and CoM} ) varied mainly
vertically. This was exploited in the development of the second prototype described in
Section 2.2, where both handle tactile covers were built as linear arrays (x-axis was removed)
and the spatial resolution along the y-axis was increased (see Figure 2.8). Note that, by
eliminating the horizontal dimension, the calculation of the CoM in the second handlebar
becomes simpler:

1 y-p0)

CoM = ——
Yo-1p()

(2.5)

where y and p(y) are the position and the pressure value of the y" tactel in the handle for
which the CoM is being calculated. This is illustrated in Figure 2.16.

A testing algorithm based on the detected patterns was designed to check the feasibility
of the proposal.
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Fig. 2.16 CoM shift over the tactels group in the second prototype.

2.4.1 Testing algorithm

An algorithm was designed to check if PW movement could be generated according to the
CoM:s shifts that were observed. It works as follows: when the user grasps the handlebar,
CoM|, and CoMp are computed and stored. They are considered the CoMs in rest condition
(CoMjy, ,CoMp,), that is to say, those with the user grasping the handles but with no intention
of moving the PW. Their function is being used as initial references to determine if CoM|,
and CoMp in subsequent readings are shifted or not. There is a delay between the time the
grip is detected and CoM), and CoMp, are processed?. This is due to the fact that the grip
needs a little time to stabilize during which the CoMs are temporarily varying. In addition, a
dead band is defined around CoM|, and CoMp, (shaded area in Figure 2.17) so that, as long
as the CoMss are inside this area, they are considered to be in rest condition. This prevents
little unintended displacements of the CoM's from making the algorithm work improperly,

due to electrical noise or mechanical vibrations.

In Figure 2.17, CoMy,,,, and CoMpeyy,,;, represent the upper and lower dead band
borders, respectively. CoMy p,,.. and CoMpe,,,,. refer to the limits of the center of mass
excursion during the driving and they were found heuristically in this algorithm. Taking into
account the shifts shown in Figure 2.15 and the parameters described above, the classification
of the user intention is carried out as Figures 2.18, 2.19 and 2.20 illustrate. The blue squares
represent the centers of mass and the arrows indicate the range of possible displacement in
which the intention of the user is considered. Note that the information of the centers of mass

2 A message on the LCD indicates to the user that the rest condition reference parameters are being computed
and driving is not yet allowed.
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Fig. 2.17 Spatial parameters used by the testing algorithm.

of both hands is essential to identify the purpose of the user. Moreover, there is only one
pattern identified with acceleration or deceleration (see Figure 2.18), while there are three
patterns related to an intention to turn (see Figures 2.19 and 2.20). The reason is that the user
can make a turn by changing the force exerted by both hands, or only that exerted by one
hand. However, both hands are always used when an increment or decrement of the advance
speed is desired. Note that each pattern is associated to only one purpose of the user. In the
following the computation of the voltages Vjiyeqr and Vpguiqr that are required to activate the

PW movement will be exposed.

Left handle Right handle Left handle Right handle

CoM,, + + CoMy

CoM; + + CoMy

Acceleration pattern Deceleration pattern

Fig. 2.18 Acceleration (left) and deceleration (right) patterns.

2.4.1.1 Acceleration/deceleration processing

Acceleration and deceleration processing is carried out when the patterns of Figure 2.18 are
detected. If the acceleration (see Figure 2.18 left) or the deceleration (see Figure 2.18 right)

patterns are recognized, the speed of advance of the wheelchair is calculated as:

Vlinear,,,l + Amax - Aace (COML, COMR) if accel. (2.6)

Viinear, (CoMp,CoMp) =
linear, ( t k) { Viinear,_, — Mmax - Apec(CoMr,CoMR)  if decel.
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Left turn patterns

Fig. 2.19 Left turns patterns.

Left handle Right handle

Left handle Right handle

Right turn patterns

Fig. 2.20 Right turns patterns.
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The subindex n refers to the computations that are made from the current tactile image
whereas n — 1 is related to those parameters that were calculated using the image captured
just before. Thus, Vjineqar, , 1s the voltage responsible for the current forward/backward speed
of the PW. Vjjneqr, 1s the voltage that will replace the latter. Ay, is the maximum increment
of voltage allowed between consecutive tactile image readings. It determines therefore the

maximum possible acceleration. Ay, is given by:

(COMLDOWMM + CoMRDowan) — (CoMy, + CoMp)

Apee = 2.7)
(COMLDowan + COMRDowan> - (COMLDownMaX + COMRDawnM[Lx>
and Ap,. is obtained from the expression:
(CoMy +CoMg) ~ (CoMy,,, +CoMg,,, ) .

AD.ec =
(COMLUPMaX + COMRUPMM> N (COMLUpMi” + COMRUpMm>

Note that the change rate of Vj;,e,,, 1s determined by A4 and Ap,.. These parameters are
inside the interval (0, 1] and depend on how far the centers of mass, CoM| and CoMg, are
from the dead band limits. Thus, the largest increment of the current speed takes place
when CoM|, reaches the value CoMy,,,,, —and CoMp the value CoMg,,,,, ., whereas the
minimum increment happens when CoM is COMLDowan-n and CoMp, is COMRDawnM,-,,- The
behavior is similar when the speed is decremented but now the change rate depends on
the parameters CoMLUpMaX, COMRUPMax’ COMLUpMm and COMRUpMin as the centers of mass
shift toward their upper limits in this scenario. It is worth highlighting that the user does
not have to exert any force in order to maintain a fixed linear speed. If the PW is moving
in a straight line and the attendant is just holding the handles without exerting forces, the
CoMs will be inside the dead band and Vjineqr, = Viinear, - It 1s thought that it could be the
most comfortable approach since the scenario in which the chair moves forward at a steady
speed is the most frequent. Besides, if we recall the operation voltage ranges in Table 2.1, a
deceleration pattern sustained over time could make that Vj;,,.,,, came back to 2.5V and the
PW would stop. If the mentioned pattern persisted, the PW would start moving backwards.

The same would happen with an acceleration pattern if the PW was initially going backwards.



36 Haptic handlebar implementation

2.4.1.2 Turn processing

A turn intention is detected if one of the patterns of Figures 2.19 and 2.20 is registered. In

this case, the angular speed voltage is obtained by:

At - AL(CoMy,CoMR)  if left turn

2.9
ATy - AR(CoMy,,CoMR) if right turn 2:9)

Vangular (COML7C0MR) = {

where Ag,,. is the maximum allowed V414, that is to say, that for which the angular speed

reaches its limit. Moreover, Ay, and Ag are:

2
(COML — COMR) — (COML L= COMR S )
AL _ UpMin Downyyip (210)
(CoMLUpMM - COMRDOWMM> - (COMLUpMm - CoMRDowan)
(CoMg — CoMy) — (CoM CoM ’
oM —CoMy ) — ( OMR OMIpyun )
AR . Ubym D, Min (21 1)

(CoM; — CoMy) (CoMy — CoM,;)

(CoM, Unhin CoMy Downpfin ) (CoMy UpMin - COMLDUW"Mm )
(COML U[’Ma.\‘_ COMRD()“‘“AMIL\') (COMR UI’M(I \'— COMLD()“ '"MU.\')

Fig. 2.21 Graphical representation of the parameters Ay, (left) and Ag (right).

Ap and Ag are inside the interval (0, 1] and they determine how tight the turn is. They are
depicted in Figure 2.21, where their dependence on the Euclidean distance between CoM[,
and CoMp can be seen. This dependence follows a quadratic behavior to make the turns
smoother (low pass filtering is also performed with the same goal). Note that the larger
the distance |CoMr — CoM| | the tighter the turn will be. Note also that |CoMg — CoM| is
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smaller in the patterns of Figure 2.19 left and center and Figure 2.20 left and center, while

the tightest turn is achieved with the patterns in Figures 2.19 and 2.20 right.

2.4.1.3 Linear speed correction

Note that, with the described approach, two different patterns can not happen at the same
time. This way, it is possible that there is either an increment/reduction of the linear speed or
a change in angular speed, but both of them cannot vary simultaneously. This can lead to the
dangerous scenario in which a tight turn is made while the chair is moving forward at a high
speed, what may cause that the PW collides with a wall or and object or make it even tip over.
In order to avoid this situation, the maximum linear speed will depend on the current value
of the angular speed. Once V0,14- 18 calculated, Vjjyeqr has to be adjusted according to the
established limit. Figure 2.22 shows how the linear speed is rated to a value that depends on

the turn speed. A sort of "safe operating" area is defined below the curve in Figure 2.22.

T

VlinearMaX )

0 2.5 5

Left turn Vangular ( V) Right turn
max. speed max. speed

Fig. 2.22 V);;0qr limit modulation according to Vg, guiar-

The final value of the linear speed is obtained from Equation 2.6 if this value is inside
this area for a given turn speed. On the contrary, if this value is outside the safe operating

area it is replaced by the rated value given by the curve in Figure 2.22.

2.4.2 Preliminary results

In order to test the feasibility of the proposal, six volunteers (aged between 33 and 51, average
of 44.7) were asked to drive the chair grasping the handlebar and following the path shown in
Figure 2.23. Its lenght is around 30 meters and a tape with a width of Scm was used to mark it
out on the ground. The microcontroller was executing the algorithm described in the previous
subsection. Note that the path has tight turns to the left and right. The result of superimposing
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a few selected frames shows the sequence of the movement along the path in Figure 2.24.
Regarding the test participants, one of them had previous experience driving the PW with
the implemented system. Two of them had driven the chair in different contexts a few times
for approximately 15 minutes in total. The other three had no experience but they were
allowed to follow the path twice before registering their performances. Figure 2.25 shows a
photo of the experienced user driving on a ramp. The tests carried out by the participants,
including that one going up the ramp, were recorded and they can be viewed in the section
"Supplementary material" of [108].

Fig. 2.24 Participant following the path in the preliminary test.

Generally speaking, the users found the driving more or less comfortable and not difficult.
Nevertheless, some flaws were reported:

1. Sometimes the system did not identify the participants driving intention through the
patterns recognition. They had to release the handlebar and grasp it again to compute
newly CoM;, and CoMp, since they were not correct.
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Fig. 2.25 Participant driving on a ramp with the handlebar mounted on a PW.

2. If the grasping was too loose, it was interpreted as if the user had released the handlebar
and the chair stopped for safety reasons. After that and before driving could be continued,
the reinitialization procedure took a few seconds, what was a bit confusing for some

participants.

3. If the grasping was too tight, the output seemed to be saturated and the driving became

more difficult. An artificially tight grip can make the driving impossible.

4. Sometimes there were little, sudden accelerations that could confuse some attendants and

could be uncomfortable for the user seated on the chair.
5. The turn speed was occasionally perceived as excessive by one attendant.

6. The fact that no force is needed to keep the PW moving in a straight line seems to
minimize the user sense of control and, sometimes, they may have the impression of being

dragged by the PW instead of being them who control the driving.

Some of the reported weaknesses may be easily fixed by adjusting a few parameters of
the algorithm. Others require a deeper study that leads to an improvement of the system
control. The overall performance strongly depends on the "quality" of grasping, which is
logical if we take into account the working principle of the device. This way, the process of
stabilization of the centers of mass in order to obtain CoM;, and CoMg, when the handlebar
is just grasped should be definitely enhanced. At this time, it is slow and it is done in a quite
arbitrary manner. Thus it would be worth analyzing in depth how the initial grasp takes place.
On the other hand, it would be also advisable to study the user gripping force and how it
affects to the CoMs evolution when maneuvers are performed. It may be helpful in order to
develop a system robust to its use by different attendants.
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With respect to the point 6, it implies a change of the control algorithm used for generating
the movement. With the algorithm described above, the participants needed to be instructed
before driving the wheelchair with the tactile handlebar. Although this training was not
extensive, it was still essential since the driving principle was not really the same of that
in a regular handlebar. A linear movement based on momentary speed changes provoked
by pushing or pulling turned out to be a little confusing. Moreover, the fact of having a
non-zero constant linear speed just by holding the handles was as well confusing. All the
aforementioned reduces the intuitiveness of the proposal, which is one of our key goals. In
any case, it should be taken into account that the purpose of the proposed algorithm was
to test the device potential capabilities as a driving interface and, indeed, all the volunteers
completed successfully the test. The tactile handlebar seems to be a feasible alternative to the
existing PW user interfaces although further research is necessary. The new approach will
have to increase the feeling of being in control of the PW steering, what in turn will increase
the comfort and users sense of security. In addition, haptic-based movement generation will
be formulated so that very little training or directly no training is needed. It will require to

deal with all the issues commented in this section.
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"A user interface is like a joke. If you have to explain
it, it’s not that good."
— Martin LeBlanc

In Chapter 2, preliminary tests were carried out giving rise to series of key points that
must be addressed to improve the usability of the haptic handlebar. In this chapter, they are
studied in depth and some proposals are made. Firstly, an analysis of the forces and torques
involved in the powered wheelchair driving is presented. An experiment is undergone using
a force sensor to generate the control signals, with the purpose of identifying which variables
extracted from the tactile handlebar are similar to the force and torque that control the PW
driving. Based on the results of the latter, two variables are proposed. Furthermore, the effect
of the user gripping force on the tactile handlebar parameters is analyzed. An experiment
is realized and, as result, a method to correct this influence is given. The impact of the
arrangement of the tactels inside the tactile array is also studied; the configuration with the
best performance is selected. In addition, the handlebar grasp is addressed by exploring

three aspects: the grip stabilization, the impact of the attendant height in this process and the
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evolution of the centers of mass before the grip is steady. The latter analyses provide useful
information aimed to enhance the system control. On the other side, a vibro-haptic feedback
targeted to prevent high forces that lead to fatigue and overexertion is implemented. Finally,
the proposed control variables are processed, considering what is presented throughout the

chapter, to make them suitable to compute PW linear and angular speeds.

3.1 Haptic-based movement control based on force/torque

analysis

The main aim of this section is to explore how the information extracted from the tactile
handlebar may be processed, in order to achieve that our device can be operated as similar as
possible as a regular handlebar. The first step is to describe what the interaction between an
attendant and wheelchair is like. To this end, we will distinguish between pushing/pulling

and turning maneuvers.

When caregivers push manual wheelchairs, and other similar ambulatory devices which
are also manually propelled, they tend to lean on the handles, what produces a resultant force
slightly downwards [109]. This contrasts with the fact that the greatest propulsion efficiency
is reached when the whole force is directed forward. The origin of this phenomenon may lie
in the use the body weight to help initiating movement when pushing a heavy load. In the case
of a PW, engines are in charge of moving the chair and the existence of the downwards force
component has not been yet studied. In fact, PW manufacturers do not always consider what
research reports about the bio-mechanics of attendant - manual wheelchair interaction. For
example, the authors of [109] found that the preferred handles height is in the region of 75%
of shoulders height. However, a commercial PW as the F35 from Sunrise Medical (one of the
models used in this thesis) allows a handles height range between 91 and 95cm. That height
regulation makes that only attendants with a shoulders height in the interval 121-126cm can
have the configuration the study in [109] points out. Despite of having a manual mode, PW's
are not thought to be driven frequently in this way so it may be understandable that designers

give priority to some aspects to the detriment of others.

With respect to turn maneuvers, the turning resistance may be seen as the torque needed
to turn the wheelchair in its smallest circle, whose center is in the halfway between the two
fixed rear wheels [109]. The handlebar center is located at approximately the same point, in

a higher parallel plane x-y .
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On the basis of the above and in the case of our device, pushing/pulling (P/P) assisted
maneuvers are modeled as a force vector (Fy) in the plane parallel to the ground, i.e. in
walking or forward direction. Turning operations are defined as the generation of a torque
or turning moment (77) in the vertical axis located in the middle of the handlebar and
perpendicular to the floor (see Figure 3.1). This was, for example, the approach that the
authors of [65] followed to assist the driving of a supermarket trolley with a haptic handlebar.
An experimental setup was designed in order to analyze the user - handlebar interaction while

driving.

3.1.1 Experimental setup

The user interacts with the device by exerting a range of forces. Thus, the information that
an analysis of the latter can provide is decisive. For this reason, another sensing device was
added to the PW setup. It is the ATT Mini45 6-axis force/torque (F/T) and it was placed in
the joint between the chair back frame and the center of the handlebar. This way, this high
precision sensor can detect the forces and torques that are produced while maneuvering the
PW through the handlebar and provide ground-truth measurements. Its other function is
to generate control signals that can be used to activate the PW engines. Note that the PW
driving is assisted through the F/T sensor outputs. Thus, the handlebar tactile sensors will be
used exclusively to study the pressure exerted on them by the attendant during steering.

Figure 3.1 shows the experimental setup scheme. A computer has been introduced in
order to ease the data acquisition and its analysis. It is in charge of gathering synchronously
the pressure and the force/torque information from the tactile handlebar and the ATI Mini45
sensor, respectively. Besides, it updates the PW engines velocities at a rate of 60Hz. On
the one hand, F, and T; are captured by the ATI Mini45 sensor and conditioned by the
ATI FTIFPS1 amplifier. Afterward, the signals are digitized using the analog inputs of the
multifunction card NI USB6009 from National Instruments. At the same time, the electronics
described in Section 2.3 scans the handlebar tactile sensors and the microcontroller sends
the data via UART-USB to the computer. Fj, T; and pressure information are stored in the

computer hard disc for further study.

On the other hand, before initiating the next reading, Fy, and T, are used by the application
running on the computer to generate the voltages Viijeqr and V414 through the card NI
USB6009. As the latter only has two DACs, an auxiliary circuit is placed between the NI
USB6009 analog outputs and the joystick socket to generate the two extra complementary

voltages needed (see Section 2.3.1). With this, the PW will move with linear and angular
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Fig. 3.1 Experimental setup scheme including a F/T sensor.

speeds that are proportional to the force in forward direction and the torque exerted on the

handlebar during turns:

V= GlinFy (3 1)
W= Gangn

where Gy, and G, are used to tune the sensitivity according to the assistant preferences.

The described setup enables the attendant to drive the PW using the handlebar in an
intuitive way, as if it was a conventional one mounted in a non-motorized ambulatory device.
However, it is worth noting that the F/T sensor will not be a permanent component of the
system. Despite it could provided directly the signals needed to activate the PW, it has a
high cost as mentioned in Chapter 1, with a price of several thousands of euros. Its use is

exclusively aimed at research.

3.1.2 Experiment and results (E1)

In order to obtain the data involved in the PW driving an experiment (E1) was designed. Ten
volunteers (P1-P10) with no previous experience with wheelchair driving and without any
movement disorders took part in the test. They were between 24 and 63 years old, with an
average age of 39,6. Given writing consent and complying with the ethical principles of
the declaration of Helsinki at all times, they were asked to drive the wheelchair using the
handlebar along the path showed in Figure 3.2. Marks on the ground and plastic cones were

used to help the participants to follow the trajectory.

The path gathers, for about 25 meters, the typical maneuvers present in the normal usage

of a handlebar. These are: several forward movements, two 90° turns, an open turn, a 180°
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Fig. 3.2 Path of experiment E1.

turn around and a backward movement. Around one minute is required to cover the path
length. It should be said that the participants were not aware of the experiment purpose. Two
trials were carried out. The first one was used to familiarize the participants with the system
and the path. During the second test Fy, T, and the tactile output were registered as explained
in the previous point. The volunteers did not receive any instruction at all about how to drive
the PW with the developed device, so that their performance was based on their previous
experience using handlebars.

The realization of the experimental setup can be observed in Figure 3.3. It is important
to note that although nobody is seated on the chair during the experiment, the setup is still
realistic. The weight of the setup as can be seen in the figure (PW frame, seat, batteries, etc.)
is approximately the same of a conventional wheelchair with a person over 80kg on it. The

seat was used to place the experiment hardware.

3.1.2.1 Force and torque analysis

The ATI Mini45 is a F/T 6-axis sensor, i.e. it provides the force and torque on the three
spatial axes. It allows analyzing the interaction in each dimension. Not only the signals of
interest, Fy, and T;, were influenced by the handlebar use (Figure 3.4 can help to visualize the
framework). Firstly, there is a downward component of force (F;). It was observed that the
fact of just grasping the handlebar with the PW stopped produces a force sensor output in the
vertical axis. It reflects that when a person grasps a handlebar he or she tends to lie his or
her arms on the handles. When driving started, F; varied around this downward component
and these changes were similar to those of F). This effect also occurs when pushing manual
wheelchairs as was mentioned in the first point of this section. Besides, F; may be affected
by the height of the user. Taking into account that the handles height was fixed, being the
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Fig. 3.3 Experimental setup of E1.

same for all the participants of the test, it has been observed that F; is clearly higher for the
tall volunteers than for the shorter. On the one side, a higher value of the F; offset when
grabbing the handles may have its origin in the weight of the arms; taller people usually have
larger and thus heavier arms than shorter.

Forward =~

: Ny ;
direction  FZ T\

Fig. 3.4 Location of Fy, F;, T, and T-.

On the other side, the greater variations of F; while maneuvering may be explained by
the angle formed by the user arms and the handlebar. The angle that taller attendants arms
form with the forward direction plane when grasping the handles is higher than that formed
by the arms of shorter ones. This way, it is more probable that the former exert a downward
force component higher than the latter. Figure 3.5 illustrates this phenomenon. Abel et al.

in [109] also point in this direction, this time analyzing the relationship between handles
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and shoulders height while pushing a manual wheelchair. In fact, variations of F; are much
less similar to those in F), for shorter participants, since in this case F, is less modulated by
driving.

Fig. 3.5 Angle formed by the arms of shorter (left) and taller (right) attendants when grasping the
handlebar.

Fy, by contrast, seems not be affected by the handlebar grasping, remaining at zero in this
situation (see Figure 3.6); it only evolves following push and pull maneuvers. It is, therefore,
confirmed as a good control variable to detect and quantify forward/backward movement
intentions. Furthermore, the realization of the union between the F/T sensor and the chair
frame bar (see Figure 3.3) makes that the torque in the axis defined by the frame bar, T,
changes when pushing and pulling the handlebar. This 7, variation is similar to that in F; for
many users. Regarding rotations, as it was expected, T; accurately represents the turns to left

and to right. It is in addition not interfered by forward/backward movements.
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Fig. 3.6 F, and F; at the moment in which the handlebar is grasped.

It it also interesting to comment that sometimes the PW experienced some tugging while
driving. The little sudden movements seemed to be modulated by the participant’s gait. It
may be related to linear speed gain. If it is too high, a push of the handlebar can cause that

the chair moves forward faster than the person pace producing the jerks.
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3.1.2.2 Proposed control variables

One of the main goals of this experiment was to study the force and torque involved in the
handlebar maneuvering, together with the pressure variations exerted on the tactels of the
handles. Since all the signals were captured synchronously, it is possible to try to identify if
there is some kind of correspondence between those captured by the F/T sensor and the others
obtained from the tactile sensors. If the processing of the pressure information provided
variables similar to the those in charge of assisting the PW steering, F, and T, it would be
viable to implement an intuitive assisted driving, that allows operating as with a regular

handlebar, based exclusively on the haptic handlebar.

Tactile images offer an independent variable per tactel, so that they are normally processed
to obtain high level parameters that summarize the whole data set. In order to choose the most
appropriate of them, it is necessary to take into account the different sources of error and how
they affect to the calculated pressure parameters. Errors in tactile piezoresistive sensors arise
mainly from the phenomena of hysteresis, drift and mismatching. Hysteresis was commented
as one of the most common drawbacks of this kind of sensors in Chapter 1. It means that the
tactels output under certain pressure depends on the previously exerted pressure. Drift can
be described as the change of the tactels output over time, despite the exerted pressure does
not vary. Finally, mismatching is due to the fact that tactels are physically different from
each other, thus their outputs can be different under the same pressure. This happens both
in our tactile arrays, where tactels have been designed with hand-made modifications, and
in commercial high quality sensors based on piezoresistive matrix as, for example, the one
of [110].

Manipulation or control tasks often are processed to obtain a few key parameters that
can be further used as inputs. Different moments of the tactile image are computed with this
purpose. For instance, an ellipsoid can be obtained from these moments. Its location, shape,
size and orientation are similar to the contact properties of the object pressing on the tactels.

The moments of the tactile image are calculated as Equation 3.2 shows.

ypxy) i,j>0 (3.2)

||M§

where p(x,y) is the output of the tactel located at (x,y), and N and M indicate the size of the

sensor array (rows and columns).

Figure 3.7 shows the typical parameters of the ellipse that is used to describe objects
in manipulation tasks. In the case of the example the object that presses against the tactels
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Fig. 3.7 Typical parameters of the ellipse that describes the object pressing on the tactels in manipula-
tion tasks, in this case, a bottle opener (based on the Figure presented in [7]).

is a bottle opener. Note that the handlebar usage represents a different scenario. There is
not an inanimate object interacting with the tactile sensors but the sensors are in a fixed
configuration and the hands are exerting variable pressures. Since the tactile arrays resolution
is low and one-dimensional, parameters as the ellipse axes or their angles make little sense.
However, the centroid can provide useful information about the evolution of the pressure
location on time. The centroid is calculated as shown in Equation 3.3, using the expression

given in Equation 3.2:
Mo, My

- Moy’ - Moo

with X and Y the horizontal and vertical coordinates of the centroid, respectively.

X Y (3.3)

Note that, substituting the values of i and j of Equation 3.2 with the values given in
the previous expression, it turns out that the centroid is none other than the center of mass
presented in the Chapter 2 and whose mathematical form we already know. According to the
conclusions reached by Sanchez-Duran et al. in [7], piezoresistive low cost sensors are good
enough providing spatial distribution information whereas they are not the best option to
provide contact forces. That means that relative high level parameters can be a good choice
to process pressure data. Absolute variables as the aggregate output (sum of all tactels value)

suffer considerably from hysteresis and drift.

This is quite logical if we look at definition of these sources of error. They affect to all the
tactels to a greater or lesser extent so that there tends to be certain compensation in relative
parameters. The typical hysteresis loop presents two different curves, one for ascending and

other for descending pressures (Figure 3 in [7]). This way, in tactels suffering from hysteresis
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the measured output for the same exerted pressure in two distinct moments between which

there has been a pressure variation is:

p(-xhyjatk):p<xi7yj7tk_At):tAP (34)

where p(x;,y;,) is the pressure read on the tactel in coordinates (x;,y;) at the instant
and p(x;,yj,tx — At) is the output of the same tactel Ar seconds earlier for the same external
pressure, having a pressure variation within the interval between both instants. AP is the
increment/decrement modeled by the sensors hysteresis curve (the sign of the operation
depends on whether the pressure variation has been ascending and after descending or vice

versa).

The aggregate output (AO) when hysteresis is present, and using Equation 3.4, can be

expressed as:

N M
AO(t) = Y. Y (p(xi,yj 1tk — Af) £ AP) = AO(1x — At) + (N - M)AP (3.5)
x=1y=1

Note that, assuming that all the tactels were affected by the error to the same extent, the
hysteresis would have provoked a change of (N - M)AP in the latter parameter. Looking at

the effect of the same source of error on the centroid or center of mass, we have:

Clt) = Y X0 x- (p(x,y, i — At) £ AP)
Wk M Zﬁ;vzlp(xu)}?tk_At)iAP

x=1
. ZN:1Z£4:1)" (p(x7y,tk_At) :leP)

Cy (1)
’ ol ﬁz\lzlp(xvy?tk_At)iAP

(3.6)

In this case, the pressure increment/decrement, AP, is both in the numerator and the
denominator. Thus, the error influence in the parameter is largely self-contained. It becomes
clearer with a numeric example. Let us assume that the pressure on the array of one on the
handles of the second prototype at the instant (#, — Ar) is Pty —At) =[0 13 34 3 2 0]. For
the latter read we have that AO(t; — At) = 16 and CoM (t; — At) = 4.69. After Ar seconds,
the pressure on the contact tactels (from 2™ o 7'M increases by 2 units!: P(tx)=[0355
6 5 4 0]. This way, the updated parameters are AO(t;) = 28 and CoM (t;;) = 4.61. As can
be observed, AO has suffered a variation of 75% whereas the change in CoM has been of

1.71%. The experiment results presented in [7], Figure 6, also point in the same direction.

'Note that in the example, for simplicity, units are not specified.
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Note that the undesired effect of drift can be addressed through the same previous
expressions and example, with the same consequences. The only difference is conceptual:
although the sensor output changes, the external pressure does not change at no time between
the instants (¢, — Ar) and #;.

There is also other considerations to take into account. Attendants are different from one
another and they may behave diversely, so they could presumably grasp the handles with
different forces. Parameters such as the CoM depend on the pressure distribution and do
not represent the direct reflection of the pressure on the handles. This way, it is possible to
obtain approximately the same CoM with different gripping forces. Note that, as showed
in Equation 3.6 and the previous example, it is a parameter quite tolerant to pressure offset
variations. It is, thereby appropriate to detect patterns and subtle changes and robust to the
change of an user for other. Nevertheless, this alone is not sufficient as the main requirement
that the chosen pressured-based control variables must meet is that they represent as reliably

as possible the user intention.

In Section 3.1.2.1, we saw that PW driving maneuvers can be modeled by the couple
formed by F, and 7. In this way, the pressure data analysis consisted in searching for
those variables that show similarities with the mentioned force and torque. After assessing
different manipulations of CoM, it was found the sum of the centers of mass of each handle
(SUMc,p) and their subtraction (SU B¢,y ) were tightly coupled to Fy and T, respectively.

Both parameters are computed as:

SUMC(,M(Z‘) = COML(I) +COMR(I)

(3.7)
SUBCOM(Z) = COML(Z) — COMR(I)

where CoM[ (t) is the center of mass calculated for the tactile array of the left handle and

CoMg(t) is the same parameter for the array of the right handle.

The degree of coupling between the two pairs of variables was determined through the
calculation of correlations for all the tests carried out by the volunteers. Previously, the
four parameters involved in the analysis were low-pass filtered to remove possible noise and
interferences. Besides, the initial and the final captured samples in which both centers of
mass are not stable were discarded. These correspond to the very first moment in which the
participant grasps the handlebar and to the instant when the user releases it at the end of test.
Pearson coefficient (ry y) was computed for the couples <SUMc,pr,Fy> and <SU By, T;>. Tt
is a measure of the linear correlation between two variables. It varies in the interval [—1,1]. A
value of 1’ means that there is total positive linear correlation, ’-1° represents a total negative

linear correlation and ’0’ the complete lack of linear correlation. The threshold above which
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it is considered that there exists a strong correlation between the assessed variables may
change from an area of science to other. In the field this work is developed, the threshold
usually accepted is 0.7/-0.7. Hinkle et al. [111] propose the following rule of thumb for
interpreting the size of the correlation coefficient:

Table 3.1 Rule of thumb for correlation interpretation.

Size of correlation Interpretation

09to1/-09to-1 Very high positive/negative correlation
0.7t00.9/-0.7 to -0.9 High positive/negative correlation
0.5t00.7/-0.5t0-0.7 Moderate positive/negative correlation
0.3t00.5/-0.3t0-0.5 Low positive/negative correlation

0t00.3/0t0-0.3 Negligible

The results obtained in the experiment for participants P1 to P5 are plotted in Figure 3.8
and the results for P6 to P10 in Figure 3.9. For their computation, the open source Matlab
toolbox provided by the authors of [112] was used. Both figures show the link between the
SUBcom and T (left column) and between SUMc,y and Fy (right column). Besides, the
simple linear regression has been depicted for every set of data. The calculated correlation
coefficients for the first couple were: r = 0.95(p < 0.001)[P1], r = 0.84(p < 0.001)[P2],
r=0.85(p < 0.001)[P3], r=0.88(p < 0.001)[P4], r =0.70(p < 0.001)[P5], r = 0.80(p <
0.001)[P6], r = 0.68(p < 0.001)[P7], r = 0.67(p < 0.001)[P8], r = 0.84(p < 0.001)[P9],
r =0.82(p < 0.001)[P10]. The first order linear functions in these trends were T, =
0.172178U Bcom + 1.3989[P1], T; = 0.3148SU Bcoy + 1.2151[P2], T, = 0.595825U Bcom +
2.3231[P3], T; = 0.3947SUBcop + 1.7889[P4], T, = 0.50103SU Bcopy + 4.182[P5], T, =
0.55267SUBcop — 1.1027[P6], T, = 1.099SU B¢,y — 0.4982[P7], T, = 1.0459SU B¢y +
5.2504[P8], T; = 0.60954SU Bcopr + 1.4806[P9] and T, = 0.44211SU B¢,y + 1.3992[P10].
Note that the higher point density is located at the central area of the graphs. This part
corresponds to the absence of turns. Turns are temporary exercises during which samples are
shifted from this area to one of the extremes of the chart, depending on whether the turn is to
the left or to the right. Most of the time PW goes straight so it is foreseeable that points are

concentrated in the central area.

Regarding the pair <SUMc,p,Fy>, the correlation coefficients were: r = 0.91(p <
0.001)[P1],»=0.83(p < 0.001)[P2], =0.77(p < 0.001)[P3], r =0.89(p < 0.001)[P4],r =
0.71(p < 0.001)[P5], r = 0.83(p < 0.001)[P6], r = 0.56(p < 0.001)[P7], r = 0.80(p <
0.001)[P8], r =0.78(p < 0.001)[P9] and r = 0.85(p < 0.001)[P10], with the corresponding
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first order linear functions: Fy, = 0.70353SUMc,py — 87.691[P1], F, = 0.984665UMcop —
113.06[P2], F, = 1.9257SUMcom — 266.37[P3], F, = 1.5108SUMcop — 218.59[P4], F, =
1.3854SUMcom — 198.8[P5], F, = 1.6081SUMc,pm — 206.18[P6], F, = 4.26265U Mc,pm —
653.25[P7], Fy, = 3.959SUMcom — 588.03[P8], F, = 2.1063SU Mcop —299.01[P9] and F, =
1.7871SU Mcop — 223.17[P10]. In this case, the bulk of the samples are mainly concentrated
at the bottom of the graph. Note that during the major part of the experiment, the PW is
moving through the path with positive linear speed that is produced by pushing the handlebar.
When pushing, CoM moves to the lower tactels of the tactile arrays (rear part of the handles,
see Figure 2.16) so that their values are minimum. Consequently, the parameter SUMc¢,

will be also minimum.

As can be observed, in the case of <SUMc,u,Fy> the correlation was high positive for
nine participants and moderate positive for one of them. Regarding <SU B¢,ys,T7>, it was
practically high positive for all the participants. Moreover, it was statistically significant
for all the tests. This overall strong correlation implies a similarity between the involved
variables that can be clearly observed in Figure 3.11. It depicts their evolution over time for
one of the participants that had an average performance in the experiment, that is to say, it
was neither the best nor the worst. As can be seen in the figure, the changes in the signals
obtained by the ATI Mini45 (first plot and third plot, continuous line) are closely followed by

the variables calculated from the centers of mass (second and forth plot, dashed line).

Although the results are generally solid, the seventh participant (P7) presents a correlation
for <SUMc,m,Fy> that, despite not being weak, is a little lower than for the others. It seems
that, in his case, the cloud of points corresponding to the values captured by pulling the PW
to go backwards? is a little unlinked to the rest of the samples. Figure 3.10 helps visualize
the mismatching. Note that the first order function that fits in the test carried out by P7
deviates slightly from the data captured while pulling the handlebar, which affects to the
linear relationship between the variables. This effect has not been observed so clearly in the
rest of the tests, as can be checked in Figures 3.8 and 3.9.

Furthermore, it should be said that in the data of some of the participants it has been
identified another little decoupling between F, and SUMc,y that may have reduced the
correlation. It seems that SUMc,,y is slightly affected by turn maneuvers at certain times.
The effect appears when the chair is going straight and some degree of turn is introduced. In
order to keep a straight movement, attendants exert similar forces with both hands. When a

turn component is incorporated, some of them reduce the pushing force of the left or right

2 Maneuver during which both CoMs move upwards through the area of the tactile arrays and Fy is greater
than zero.)
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Fig. 3.8 Experiment results for participants P1-P5: coupling between the couples <SU B¢y, 1>
(left column) and <SUMc,p,Fy> (right column) with the corresponding first order linear functions
superimposed.
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superimposed.
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Fig. 3.10 SUMc,y versus Fy, for P7. The red line is computed from the data of P7 by linear regression.
The green dashed line, which has a lower slope, fits better with the data captured during pulling

maneuvers.

g 140 T T T T T LI T T T
£ e Ry i
s 120 . . 2V A WY
o Barnany T0%5 e P R R s 3, H ¥
= 100PTR T semspennn U 3R g g
a 1 1 hd 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45 50

Fig. 3.11 T; and F, from the F/T sensor (first and third plot). SUBc,y and SUMc,y (second plot and
fourth plot) obtained from processing of the pressure values.
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hand (depending on whether the turn is to left or to right, respectively) whilst the force
exerted by the other hand remain unchanged. When this happens, the force reduction of one
of the hands impacts much more in CoM shifts than in Fy. This way, there is a little mismatch
between Fy and SUM(c,y. This can clearly be seen in the data depicted in Figure 3.12, where
the chair was moving straight, after that it was introduced a right turn and, just after, another
to the left. The two dashed circles represent the time intervals in which the two turns are
performed. Note that CoM} remains unaltered during the right turn, i.e. the force exerted
by the left arm does not change. However, CoMp, rises towards the rest condition, since
very little force is exerted with this hand. With the turn to left happens the opposite. The
force needed to carry out the maneuver is mostly exerted by the right arm whereas the left
arm rests. Since SUMc,y 1s the addition of both CoMs, it is affected by this asymmetry.
However, Fy barely changes. If SUMc,y were the variable that controls linear speed and
this issue persisted, it could manifest itself as little unwanted linear speed drops during turns.
Nonetheless, it should be taken into account that this effect was only observed for some of
the participants and not in every turn maneuver so it should not be not be generalized in
advance.

Right turn Left turn

times [s]

Fig. 3.12 From top to bottom: T, CoM;, CoMg, SUMc,y and F,. During the data acquisition the
chair was moving ahead and, afterwards, a right and a left turns were introduced.

Notwithstanding the above, it should be borne in mind that we are working with persons
who presents physical and behavioral differences. A range of parameters may influence the

correlation: the fact of comparing outputs from sensors of different kind, the grip force or
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the way of grasping the handlebar, among others. Although it seems that a deeper study
could improve the case of moderate positive correlation of P7, the presented results are good
enough to show that the substitution of the control inputs used to compute the wheelchair
movement by those obtained from the tactile handlebar seems to be viable. Specifically,
SUMc,pm detects and quantifies push and pull maneuvers and SU B¢,y does the same with
turns.

In the following sections, several factors that impact on the control based on the previous
variables will be presented. The identification of them helps improve the assistant driving

experience.

3.2 Study of grip force effect

One of the issues detected as a result of the reports from the users that drove the chair with
the control algorithm presented in Chapter 2 was that the force with which the handlebar
is grasped during driving can affect the experience. Thus, a deeper study of this fact is
interesting in order to improve the control. Excessive grip forces seem to saturate and block
in some way the handlebar response. An initial step can be to determine the source of this
effect, which could have either hardware or anatomic nature. On the one hand, the sensors can
be reaching their saturation pressure so that their output remains invariable at its maximum.
This way, there would be no CoM changes that resulted in effective driving maneuvers. On
the other hand, the user gripping itself (how the contact between the hand surface and the
tactile handlebar is) may be what limits the CoMs range of excursion when grip force is high.
Therefore, it is worth exploring whether the GF' affects the proposed control variables of the

previous section in one way or another.

3.2.1 Tactels response characterization

In order to study the tactels response, the handlebar was taken apart from the chair frame and
introduced in a characterization platform as shown in Figure 3.13. The platform belongs to
the laboratory of the research group EIS [113] and is composed of three stepper motors from
Zaber Technologies, a high precision ATI Nano17 6-axis force/torque sensor, an acquisition
card USB-6259 BNC by National Instruments and a conditioning electronics board designed
by the group EIS. The three motors, that have a step length below 0.01um, are aligned with
the spatial axes x, y and z. The z-motor (T-NAO8AS0) controls a plunger with a spring inside.
Its function is to exert forces in z-axis. The ATI Nanol7 is attached to the lower end of the
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Fig. 3.13 Tactile handlebar in the characterization platform.

plunger so that it provides ground truth measurements of the force that is being applied. The
described platform is managed with a computer to which the motors, the F/T sensor and the

acquisition card are connected (further details can be found in [114]).

Due to the handlebar dimensions, two stands had to be 3D printed to place the center of
the tactel to be characterized below the presser arm formed by the motor, the plunger and
the F/T sensor. Besides, a custom plastic piece was designed so that the pressure could be
exerted as uniformly as possible onto the tactel located at the top side of the left handle. In
the upper side of the piece there was a little hole where the tip of the F/T sensor was fitted.
Note that for simplicity reasons only one tactel is characterized. The tolerance between
pressure sensors is a parameter normally given by the manufacturer. As said in Section 2.3,
the A/D converter that translates pressure into digital information has a resolution of 10
bits. This way, the captured pressure is codified with values inside the range 0-1023 (this
format will be named Digital Output Units, DOU). The test that was carried out consisted
in pressing with growing force on the tactel surface up to it reached its maximum output.
Afterward, the force was reduced until the exerted pressure was zero. During both ascending
and descending excitation, measurements were taken at fixed increments/decrements of the
tactel digital output. A little wait was introduced before making the measurement in order
to let the output stabilize. The force with which the vertical stepper motor was pressing

was captured by the ATI Nanol7 sensor at the same time. Since the latter provides ground
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truth data, its captures were used to build the characterization curve of the tactel of interest.

Figure 3.14 depicts the information captured during the process of characterization.

Upward pressure
Downward pressure

Average pressure

= = = Linear approximation: |Fl\ = Tat:tcloul *0.01757894737

o 1 1 1 1 1 1 1 1 1 l
0 100 200 300 400 500 600 700 800 900 1000
Tactel digital output (n = 10 bits) [DOU]

Fig. 3.14 Vertical axis: force captured by the ATI F/T Nanol7. Horizontal axis: digitized pressure
from the left top handlebar tactel. In red and blue sensors output for upward and downward force,
respectively. In yellow the mean between the previous curves. The dashed line represents the linear
approximation of this mean. According to the sensor reference, F, decreases when pressing so the
slope of the curve would be negative; this way, in order to facilitate the visualization, what is showed
is the absolute value.

As can be noted, the curves originated by the rising (red) and the descendent (blue)
pressure have slopes mildly different; this is caused by hysteresis. The more force is exerted,
the more the behavior of the sensor is sensitive to this source of error. If the force is
not high and its variations either, the effect of hysteresis can be considered negligible. In
order to estimate the force that excites the tactels, the linear approximation of the mean
between the red and blue curves in Figure 3.14 will be used (dashed line): Fjyeei(N) =
0.01757894737Tactel(DOU ). The previous figure shows that the tactel response is linear
in its operating range, which is approximately 0-18N. Above that level, it started becoming
saturated and losing linearity.
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3.2.2 Grip force impact on the coupling between the parameters ex-
tracted from the force sensor and those captured by the tactile
handlebar

One way to estimate the gripping force as a single value could be to compute the mean force
on the tactile handlebar when it is grasped:

N M
GF — x-l%:;f‘(xay) (3.8)

where f(x,y) is the force on the tactel located at coordinates (x,y) (calculated using the
expression in Figure 3.14), and N and M the number of rows and columns of the sensors
array, respectively. In the case of the tactile handlebar, considering the structure in Figure 2.8,

Equation 3.8 becomes:
8 2
GF — x=1 Zy1:61f(xay) (3.9)

If we look at the mean value of GF during the realization of the tests of the experiment
El (presented in Section 3.1.2), the results are: GF = 3.47N[P1], GF = 6.53N[P2], GF =
14.01N[P3], GF = 7.9N[P4], GF = 12.15N[P5], GF = 10.73N[P6], GF = 17.07N[P7],
GF = 15.72N[P8], GF = 12.57N[P9] and GF = 8.92N[P10]. All of them are inside the
tactels working range. It would be logical to think that the way GF' is computed can lead
to the situation in which some tactels present a low output and others are saturated; in this
case, the value provided by the parameter GF' would seem to be within the valid operating
range and the saturation of some particular tactels would not be perceptible. This happens,
indeed, in the case of [P7], for which sensor 4 (see Figure 2.16) is saturated during some
time intervals. This tactel is practically entirely covered by the hand surface and it usually
captures the higher pressures. Nevertheless, such high GF's as that from [P7] are rare cases
and, even, it may be desirable to avoid them in order to prevent fatigue and overexertion (as

will be shown in Section 3.5).

A question worth considering is if the attendant’s GF affects the quality of the couplings
presented in the Section 3.1.2.2, i.e., if GF impacts on how good SUMc,ys represents
push/pull intentions and SU B¢,y represents turns intentions. A simple way to address this
issue could be to check whether the correlations computed in the mentioned section increase
or decrease when GF's raise or diminish or if these facts are not related at all. Figure 3.15
plots two charts with this aim. On the one hand, in their x-axis the participants’ GFs
are listed in increasing order: GFs =(3.47[P1], 6.53[P2], 7.9[P4], 8.92[P10], 10.73[P6],
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12.15[P5], 12.57[P9], 14.01[P3], 15.72[P8], 17.07[P7]). On the other hand, y-axis gathers
the correlations obtained for each participant: r-syum,.,,,, Fy> =(0.91[P1], 0.83[P2], 0.89[P4],
0.85[P10], 0.83[P6], 0.71[P5], 0.78[P9], 0.77[P3], 0.80[P8], 0.56[P7]) for the left chart,
and r<suB.,,,, 1> =(0.95[P1], 0.84[P2], 0.88[P4], 0.82[P10], 0.80[P6], 0.7[P5], 0.84[P9],
0.85[P3], 0.67[P8], 0.68[P7]) for the right chart. This way, each point of the graphs is
composed by the pair (GF, r<SUMCoM7Fy>) for Figure 3.15 left and (GF, F<SUBcoy,T,>) for
the same figure right. In addition to the graphical evaluation, it can be useful to see how
much the evolution of the two pairs of vectors is correlated. In this case, besides Pearson
correlation, Spearman’s rank-order correlation (py y) is computed. It is a measurement of

the monotonicity between two variables.
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Fig. 3.15 GF’s effect on the couplings between <SUMc,p, Fy> and <SU Bcopm, T;> (1 St order functions
superimposed).

As Figure 3.15 shows, despite not having a large number of samples, the impact of
the GF on the linkage between Fy, T, and the proposed control variables is quite clear.
Pearson and Spearman’s rank-order correlation coefficients are: r = —0.79(p = 0.0064), p =
—0.84(p = 0.0024) for GF and r<sum,y,.F,> and r = —0.81(p = 0.0048), p = —0.70(0.03)
for the same variable and r-sy ., 7,>. The value of the coefficients imply a high negative
correlation of both types Pearson and Spearman’s rank-order. This fact reveals the existence
of an strongly monotonic and linear relationship between the degree of coupling of the two
pair of variables and the exerted GF. This way, higher gripping forces presumably lead to a
worse control of the device and, therefore, to a poorer driving experience.

3.2.3 Grip force impact on CoMs excursion (E2)

As said at the beginning of this section, during the preliminary test explained in Chapter 2,
certain lack of response was perceived when high grip forces were exerted. It probably has
to do with a reduction of the excursion of the centers of mass. CoMs’ excursion could be

defined as the maximum distance that CoMs can cover through the sensors arrays while
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using the tactile handlebar. An experiment (E2) was designed to analyze if the gripping
force affects the CoM excursion and limits it somehow. Figure 3.16 shows the experimental
setup scheme. The handlebar was fixed to a support clamped to a laboratory table. Pressure
data from tactels and F, and T, from the F/T sensor were gathered by a computer at 60Hz.
Seven volunteers (P1-P7) from 21 to 32 with a mean age of 26.9 years took part in this
study after agreement and informed consent. They were given instructions to realize a set
of maneuvers (see Figure 3.17). Firstly, they would grasp the handlebar and perform the
following sequence:

1) Rest condition (R.C.)> — push — rest condition — pull — rest condition.

They had to keep the current condition (push, rest or pull) at least for one second before

changing to the next state. After this first test, they were asked to carry out a new sequence:

2) Rest condition — left turn — rest condition — right turn — rest condition.

Computer
@60Hz
/ \ Conditioning (Pres.) L 5,
| clectronics | < —_ Hre
'(Fy Tz)

NI USB6009 | <t | ATI FTIFPS! | o
(Fy, T2) (Fy, T2) Tz

Fig. 3.16 Experimental setup scheme of E2. The handlebar is fixed to a laboratory table.

The described sequences were repeated three times, each with a different gripping force:
grasping the handlebar weakly, in a normal* way and strongly. "Weakly", "normal" and
"strongly" are subjective terms and, for example, what is a weak grasping for an user can be
strong for another. The purpose of giving the participants these commands was to ensure
the availability of the typical maneuvers carrie